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This dissertation explores the potential for using field applied polyurea coatings to
provide structural enhancement to both traditional and non-traditional building materials.
The materials considered include honeycomb composite panels, plywood, lumber, and
cementitious composite panels. The basic approach followed during the project includes
experimental testing, finite element modeling, and a parametric study using the finite
element model(s).
Experimental tests are divided into two distinct series: 1) testing of panel type
materials in four point bending and 2) tension testing of joints in structures fabricated
from lumber. The results obtained from both series of tests show that polyurea can
significantly increase the capacity of the uncoated materials. The research showcases a
unique approach to the strengthening of both traditional and non-traditional building
materials and introduces a potentially game changing technology to the building trade.
Finite element analysis is performed to understand the mechanism in which a
polyurea coating strengthens the materials and to study the impacts of variations to the
relative material properties of the substrate and the coating. The models should help bring
this promising new technology to practice by helping researchers, architects, and builders
select and apply the proper polyurea coating for structural enhancement.
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CHAPTER 1

INTRODUCTION

This chapter includes the purpose of the study, motivation for the research, the
objective and tasks, and an outline of the dissertation.

1.1

Purpose of the Study

From the period of 1851 to 2006, 279 hurricanes made landfall in the United
States with 96 of those rated as a Category 3 or higher [1]. The high wind, rain, and
storm surge associated with hurricanes can cause potentially catastrophic damage. High
winds can cause damage to roofs which could entail shingle damage up to catastrophic
failure. Damage to the roof can allow water to damage ceilings, walls, and floors. In
addition to allowing the water to infiltrate the dwelling, the removal of the roof can lead
to wall collapse which can be fatal to any occupants that remain in the house.
This dissertation explores the potential for using field applied polyurea coatings to
provide an improved and continuous foundation to roof load pathway. Tests indicate that
such coatings provide universal strengthening compared to traditional strengthening devices,
such as hurricane ties, with the added advantage that members and joints can be protected
from a multitude of threats including corrosion due to moisture, damage due to flood; and,
with self-extinguishing properties, fire.
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1.2

Motivation for Research

In a 2009 report about the devastating Hurricane Ike, the Insurance Institute for
Business and Home Safety (IBHS) states that there are more than $9 trillion worth of
insured properties along the Gulf and Atlantic coasts and as much as 50% of the US
population resides within 80 km of the coast [2]. It is obvious that with such a high
population and property value exposed to coastal environmental risks that there would be
the need for ongoing research into materials and designs that increase the likelihood a
structure could withstand natural hazards. Overall, the results contained herein indicate
that the commercial applications of using polyurea to strengthen structures in hurricane
prone areas could be enormous.
The IBHS was formed to help reduce the monetary and human costs by providing
“scientific research to identify and promote effective actions that strengthen homes,
businesses, and communities against natural disasters and other causes of loss.” [3] The
research has resulted in recommendations for home and business owners. These
recommendations range from securing picture frames for earthquake protection to ways
to strengthen traditional construction techniques for protection against hurricanes.
However, no mention is made by this agency, and no evidence could be found elsewhere,
regarding the use of field applied polyurea coatings to provide an improved and
continuous foundation to roof load pathway. Therefore, the work reported herein
represents a unique, and arguably significant, contribution to the field.
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1.3

Objective and Research Plan

The objective of this research is to determine if using a polyurea coating on
traditional and non-traditional building materials can increase the load capacity of the
materials. The materials to be considered include honeycomb composite panels,
plywood, lumber, and cementitious composite panels. Plywood, honeycomb panels, and
cementitious panels can be used as both sheathing and roof decking.
One important goal of this research is to determine if the application of polyurea
can increase the strength of the base material. With respect to sheathing and decking, this
has implications for resistance to both wind produced lateral loads as well as impact
resistance to flying debris. The application of polyurea onto lumber, which is the primary
choice for framing in residential structures, has implications for strengthening the
continuous load path from roof to ground.
The basic approach followed during the project includes experimental testing,
finite element modeling, and a parametric study using the finite element model(s). The
experimental tests are divided into two distinct series: 1) flexural testing of panel type
materials in four point bending and 2) structural testing of joints fabricated from lumber.
Specifically, results from Phase I feasibility tests are used to direct Phase II testing.
Finite element models are created and tuned to match the test results. The tuned finite
element models are then used to conduct a parametric study to test the sensitivity of the
configurations to variables like polyurea thickness, strength, etc.
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1.4

Outline of Dissertation

Chapter 2 describes the current state of residential building codes, followed by
observations made from the field following major wind events.
In Chapter 3, polyurea is discussed. First, polyurea is defined and a brief history
of its use is given. Next, material testing conducted on polyurea for this research is
described.
In Chapter 4, Phase I flexural tests for the enhancement of panel type building
materials is documented. Specimen preparation and testing followed by a discussion of
the results is presented. Observations made during the Phase I tests help direct follow on
testing (Phase II).
The Phase II testing program for the panel materials is documented in Chapter 5.
Here, the specimen preparation along with a presentation of material properties is
detailed. Next, the test setup and testing methodology are described.
Chapter 6 documents the results of the Phase II flexural testing program of
Chapter 5. The results are presented in a series of moment-displacement curves and
tables of maximum moment and displacements. Lastly, the results are discussed and
concluding remarks about the use of polyurea for structural enhancement of panel type
building materials are made.
In Chapter 7, the finite element development is described. First, the baseline
models for each material are detailed. This includes a description of the finite element
code that was selected and the layup definition used for each. Next, the results of the
baseline FEM are compared to the tests results and then the modification required to tune
the FEM are described. Finally, a parametric study using the tuned FEM is conducted
4

where the sensitivity to parameters, such as coating thickness and material properties, are
determined.
Chapter 8 begins the portion of the document concerned with the structural
enhancement of lumber using polyurea. First in Chapter 8, the Phase I structural test
program is documented. Phase I was conducted to determine if a polyurea coating could
strengthen the rafter-to-top plate connection. Results and observations are presented and
these results and observations are used to direct the Phase II structural testing program.
Phase II structural testing of polyurea coated lumber is described in Chapter 9.
The chapter begins with a description of the specimen preparation and testing
methodology. Next the results of the testing program are presented. The chapter
concludes with a discussion of the test result.
Chapter 10 details the development of the finite element models of the Phase II
testing configurations. First, the baseline model is described along with the necessary
tuning needed to best match the uncoated test results. Next the development and results
of the coated models are presented. Lastly, a parametric study is conducted and detailed.
Chapter 11 brings the dissertation to a conclusion and includes suggestions for
future research.
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CHAPTER 2

CONSTRUCTION PRACTICES

This chapter focuses on current construction practices in terms of a review of the
most prominent building code used in the United States. This is followed by field
observations following major weather events that highlight the fact the homes built per
code perform well in these events. Unfortunately, not all homes are built to withstand
high wind events either because the code is not required based on location or because the
code was not followed.

2.1

Current Building Construction

Building codes like the International Building Code® (IBC) and the International
Residential Code® (IRC) have been adopted by many states and local governments in an
attempt to standardize residential and commercial construction. Codes provided builders
with a set of minimum requirements that must be met in order to pass inspection.
Although the IBC and IRC have been widely adopted, in many states neither code has
been adopted at the statewide level for all buildings. Both the IRC and IBC are
considered to be prescriptive codes that are based upon engineering analysis and design
manuals. Here, a prescriptive code is one in which the minimum building requirements
are set forth and for which no engineering calculations are required.
6

For the majority of single family residential construction, the IRC is the
applicable design document. In order to prescribe building requirements for wind
resistance, the IRC provides a map of the U.S with the applicable design wind speeds.
As expected, the coastal areas of the US require resistance to higher wind speeds. For
areas of the US where the design wind speeds are greater than 160 km/h, or in specially
designated high wind areas, the IRC requires the structure to be designed to more
stringent codes like the AF&PA Wood Frame Construction Manual (WFCM) and the
ICC Standard for Residential Construction in High-Wind Regions (ICC 600). These
manuals and codes are not prescriptive and require engineering design and analysis.
Both the IBC and IRC are published by the International Code Council (ICC),
which was established in 1994 by the developers of the three main regional building
codes. The formation of the ICC was precipitated by the desire to have one national
building code without regional limitations [4]. The first IBC code published by the ICC
was in 2000, which was about the same time that the state of Florida adopted its first
single statewide building code.
Of the 96 major hurricanes to hit the mainland U.S coast since 1851, 37 have
impacted the state of Florida, which is nearly double the number of strikes as the next
state [5]. In the 1970’s, the first law mandating the adoption and enforcement of one of
four state recognized minimum building codes was enacted [6]. After major hurricanes
in the early 1990’s, the state of Florida reviewed the state building code and found that
“adoption and enforcement was inconsistent throughout the state and those local codes
thought to be the strongest proved inadequate when tested by major hurricane events.” [6]
This led to legislation in 1998 that established the Florida Building Commission and
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instructed the Commission to develop a statewide code. The Commission finalized and
submitted a draft to the Florida Legislature in 2000 and the code went into effect in
January of 2001 [6]. The Florida building code is mainly adapted from both the IBC and
IRC set of codes.
As stated previously, the IRC provided a set of maps showing design wind
speeds. Per the provided maps, zones that require high wind design are located within
approximately 240 km of the coast for the portion of the U.S from Texas to Maine. This
means that most new construction within these areas is required to have a continuous load
path from roof-to-ground. The converse is also true, which means that in areas further
away from the cost no additional connectors are required at the rafter-to-top plate
connections other than the toe nailed connection. This makes sense for protection against
hurricanes, but many of the areas not required to strengthen the roof connections lie in
tornado prone areas.
North and Central Alabama are areas that are outside the higher wind zones in the
IRC but are prone to tornados. In fact, in late April of 2011, a historic outbreak of severe
weather occurred along the Southeastern U.S. that produced a total of 62 tornados in
Alabama alone [7]. Widespread destruction and loss of life were reported throughout the
state and region. Tornados have the ability to produce winds in excess of 400 km/h, be
over 1.6 km wide and can remain on the ground for up to 80 km [8]. Damage to homes
and businesses include roof damage, roof removal, wall collapse, and complete
destruction. Although the highest winds are located at the near the center of tornado,
damage and destruction does occur along the outer portions of the storm where winds are
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lower. This was evident in a post-tornado report on the storms that moved through
Tuscaloosa, AL as a part of the outbreak in 2011.
Researchers from several universities and interested companies, funded by the
National Science Foundation (NSF), surveyed the aftermath of the tornados in
Tuscaloosa in a focused and methodical manner in order to document the “damage and
failure modes in primarily wood-frame construction.”[9] They spent three days
surveying the damage along the tornado path, both near the assumed center of the storm
as well as the areas away from the center.
The conclusion reached by the team was that “light-frame wood buildings do not,
and will not, have the ability to resist EF4 or EF5 tornadoes.” [9] They add that a
majority of the damage to residential construction occurs at wind speeds below the EF
rating and that most of the buildings along the path of a strong tornado, even along the
outer edge, are not repairable based on the current construction techniques. This, they
say, provides an opportunity and incentive for tornado resistant construction practices,
which do not exist currently.
The researchers documented several case studies along the path of the tornado and
the damage and failure methods associated with each. Some examples of the damage
they noted included roof failures where the rafters were toe nailed to the top plate, houses
that shifted off the foundation due to improperly installed or missing anchor bolts, and
damage to lateral walls and gable roofs from lateral wind pressures. The researchers
propose a design philosophy to reduce monetary losses and increase safety.
From a monetary standpoint, the design solution the team proposes is meant to
shrink the total damage footprint and the severity of the damage toward the center of the
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storm. This is accomplished by design improvements on a component level (i.e., roof
decking) as well as a system level (i.e., entire roof). As related to the current research,
the authors recommend a continuous load path from roof-to-ground and increased shear
resistance of lateral walls by means of nail spacing and anchoring. In addition to design
solutions, the authors also realize that much more research is needed to understand the
unique loading scenario that tornadoes produce when compared to more straight line
wind events like hurricanes.
As previously stated, building codes such as the IRC and the Florida Building
Code have been addressing hurricane resistant construction since the early 2000’s. Post
hurricane insurance assessments made after Hurricane Charley in 2004 indicated that
homes built to the more stringent codes had a reduced number of claims with less severe
damage. Additionally, when damage did occur, homeowners were able to return more
quickly to their home if the structure was built to updated building codes [10].
Unfortunately, newer building codes do nothing to protect previously built
structures and newer homes required to be built per the more stringent codes are not
guaranteed to actually follow the code. Enforcement of the building codes are the role of
building inspectors. This is an arduous task considering the likelihood that the local
inspection department is under staffed and under resourced coupled with the amount of
requirements in the building codes that must be inspected. With regards to the uplift
capacity of the structure, consider the sheer number of nails that must be installed
properly to obtain the desired capacity. Proper installation of the nails, which in most
cases cannot possibly be fully inspected, includes the number of required nails, the
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spacing, the size, and in some cases the type of shank on the nail. Post Hurricane Katrina
assessments of residential structures highlight the importance of adherence to the codes.
Following Katrina, researchers spent 3 days along the Gulf Coast gathering data
on residential wood frame structures with the ultimate goal of providing the pertinent
data necessary to improve the performance of wood structure during high wind events
[11]. Their findings indicate that the structures built to the updated codes performed well
but that in many cases the current codes requirements were not met. For example, they
noted in numerous cases that the nail spacing on roof decking failed to meet the
minimum requirements and resulted in loss of sheathing. Additionally, they found
improper number of nails in a hurricane strap and improper anchoring of a top plate to the
wall. These shortcomings led to the loss of a roof in a condominium community.
Missing nails is one of the most common mistakes that Jim Mattison of Simpson StrongTie sees in the field [12].
Mattison states that clips without the proper number of nails cannot handle the
loads they were designed for. This can lead to rotation of the clip, which can damage the
adjacent wood, or it can lead to clip failure. Besides the incorrect number of nails, he
states that he has observed instances where the installer used the wrong size and type of
nails in an effort to save money. Smaller diameter nails result in a lower shear capacity
and shorter nails have a lower resistance to withdrawal. Lastly, Mattison points out that
the use of pneumatic nail guns can be problematic. He has found cases where nails made
their own hole instead of the factory-punched hole as well as cases of overdriven nails
that result in excessive dimpling. In both cases, the load capacity of the hurricane clip is
diminished.
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The goal of this research is to determine if polyurea can strengthen typical
building construction to withstand natural disasters including, but not limited to,
hurricanes and tornados. Wind and windblown debris are one of the main hazards
experienced during both hurricanes and tornados. Wind pressures can produce high loads
on lateral walls as well as high uplift forces. The high lateral loads can cause failure of
the impinged wall as well as a racking failure of the supporting walls. Uplift forces, if
not resisted from roof to ground, can cause failures like roof removal, wall collapse, and
shifting of the structure off of the foundation. Applications for the polyurea
reinforcement may include new construction and existing construction to replace
typically used reinforcement, to enhance already installed reinforcement, or to strengthen
structures without any required reinforcement.
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CHAPTER 3

POLYUREA

This chapter describes polyurea and its use in this research. An introduction to
polyurea including a brief history is presented first. This includes some uses of polyurea
as well as material properties for several different commercially available types. Next,
material testing of the polyurea formulation used in the current research is described.
This testing was performed to determine material properties that were needed for finite
element modeling. Last, a step by step guide to the spraying method is described.

3.1

Polyurea

Polyurea is a two part polymer with a rapid gel time that results in a 100% solid
coating containing zero volatile organic compounds (VOCs). As a coating, polyurea has
been used to protect against corrosion, moisture, abrasion, and chemicals in a variety of
different applications. Some examples of typical applications using polyurea include
truck bed liners, pond liners, concrete floor coating, water tank liners, commercial
roofing, and pipeline corrosion protection. Polyurea has also shown the ability to protect
occupants in buildings and vehicles from debris and spall from blast waves.
The Polyurea Development Association (PDA) defines pure polyurea as the
reaction of a polyisocyanate component and an amine-terminated resin blend [13]. The
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isocyanate component may be either aliphatic or aromatic. The resin “must be made up
of amine-terminated polymer resins, and/or amine-terminated chain extenders.”[13] By
contrast, polyurethane is made by the reaction of an isocyanate component and a
hydroxyl terminated resin. In addition, polyurethane requires the use of a catalyst in order
to facilitate the chemical reaction whereas polyurea does not [14].
The first reference to polyurea came in 1948 when researchers discovered that
these compounds had far superior thermal properties and extremely high melting points
compared to other polymer systems such as polyesters, linear polyethylene,
polyurethanes, and polyamides [15]. The high thermal stability eventually led to the use
of polyurea in the Reaction Injection Molding (RIM) process used to manufacture
automobile body panels and fascia [16]. The high thermal stability of polyurea when
compared to other polymer systems allowed for the use of high temperature painting
techniques that would damage parts made from polyurethane and other polymer systems
[14].
The biggest challenge in moving polyurea from the RIM process to a coating
system was advancing the spray equipment to be able to cope with the rapid gel time of 1
– 2 sec without compromising the unique characteristics of the material. Although work
was done in the 1970’s with modified polyamines and high levels of plasticizers and
solvents in order to achieve a spray system for coating work [17], poor field performance
was noted and this technology never gained acceptance. By the late 1980’s however,
spray equipment had advanced such that polyurea could be used in the coating industry
[18].
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Those early polyurea formulations resulted in gel time of approximately 2 sec,
tensile strength near 14 MPa, and elongation around 200% [18]. Generally the polyurea
formulation was a derivative of the polyurea used in the RIM process and was sprayed at
a high temperature and pressure. Since that time, polyurea manufacturers have been able
to produce polyurea with a wide variety of properties and application methods. Table 3.1
lists some examples of commercially available polyurea formulations and their respective
properties. Although the table only represents a small portion of the available polyurea,
it does highlight the variance in mechanical properties and application techniques. The
polyurea selected for this research is detailed in Section 3.2.

Table 3.1 Examples of Commercially Available Polyurea

Property
Tensile Strength [MPa]
Elongation [%]
Hardness [Shore D]
100% Modulus [MPa]
Gel Time
Spray Temp [°C]
Spray Pressure [MPa]

DragonshieldHT ERC [19]
29.09
619
44-52
8.83
6 sec
79
20.7

Watershield
III [20]
>18.07
930
84
3.68
10 sec
71-76
13.8

FSS 45DC [21]
13.44 - 16.20
450-520
45
6.62
20-30 sec
77
13.8

X-Shield
Patch Coat
[22]
11.72
45
50
5 min
Brushable
-

In addition to the properties listed in Table 3.1, polyurea has been shown to have
excellent adhesion to a wide variety of substrates, good flexibility at low temperatures,
and high toughness [23]. Researchers have also determined that certain polyurea can be
highly strain rate sensitive and show significant strain hardening [24]. These properties
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have led to the use of polyurea for blast mitigation in concrete structures [25] and
military vehicles [26].

3.2

Polyurea Material Testing

Most commercially available polyureas are sprayed under high pressure and high
temperature. For the work in this dissertation, novel polyureas were used that could be
sprayed at both low temperature and low pressure. For this research, three different
formulations of polyurea produced by Creative Material Technologies, Ltd of Palmer,
Massachusetts were used: two sprayable formulations with a rapid gel time and a brush
on formulation with an extended gel time were used. The sprayable polyurea consisted
of an aliphatic pure polyurea (to be referred to as “white” or 8817) and an aromatic pure
polyurea (to be referred to as “black” or 1137). Both were used during the Phase I
flexural and structural tests (Chapters 4 and 8); only the white was used during both
Phase II testing (Chapters 5 and 9). The brushable polyurea, designated 9041, was only
used during the Phase II flexural testing as an adhesive to bond fiber reinforcement to
cementitious panels. In contrast to the polyurea properties listed in Table 3.1, some basic
properties for the polyurea formulations used in this research are shown in Table 3.2.

Table 3.2 Polyurea Properties

8817 White Aliphatic Pure
Polyurea

1137 Black Aromatic
Pure
Polyurea

9041 Brushable

Gel Time

~30 sec

45 sec

20 - 45 min

Spray Temp

Ambient

Ambient

Brushable

413

103

-

Property

Spray Pressure [kPa]
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For purposes of comparing the two sprayable formulations, hanging weight tests
were performed on both formations during the Phase I structural tests. Strain gages were
utilized to determine the elastic modulus and the Poisson’s ratio for the 8817 and the
1137 polyureas. Strain gages were bonded to both the front and back surfaces in the
longitudinal and lateral directions. The specimens, produced by Creative Materials, were
measured to be approximately 2.5 cm wide with a thickness of 2 mm for the 8817 (white)
and 5 mm for the 1137 (black). The tests were conducted by suspending the specimens
from a grip of a loading frame. A weight hanger was hung from the free end of the
specimen using a hole that was drilled through the specimen. Weights were added to the
hanger 100g at a time up to 900g and the strain was recorded at each load increment.
Using the measured dimensions and the hung weight, the maximum applied stress was
167.5 kPa for the white and 68.7 kPa for the black. The elastic modulus and Poisson’s
ratio was determined by using a best fit curve through the average strain from both the
longitudinal and lateral strain gages. The results, which are shown below in Table 3.3,
show that the modulus for the 8817 polyurea is nearly 3 times that of the 1137 and that
both formulations have relatively high Poisson’s ratios.

Table 3.3 Hanging Weight Test Results for the White and Black Polyurea

Polyurea
1137/Black
8817/White

Elastic Modulus (MPa)
179
480

Poisson's Ratio
0.52
0.4

As stated above, the hanging weight tests were performed for the purposes of
comparing the modulus of the 8817 and 1137 formulations. For the purposes of the
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Phase II flexural and structural tests, and more specifically the finite element modeling, a
full characterization of the stress-strain history was needed for the 8817 and the 9041
(brushable). A set of tensile tests were performed to obtain the material properties for
both of these polyureas. For each, a set of four specimens were fabricated and tested to
failure. The specimens were produced by first pouring the polyurea into a rectangular
mold, then allowing them to cure. After curing, 25.4 mm wide specimens were cut from
the hardened sheets. The thickness of the specimens varied between formulations with
the thickness across both formulations ranging from 1.88 mm to 5.33 mm. Digital
calipers were used to measure the width and thickness of each specimen. A total of 3
width measurements and 6 thickness measurements were taken to determine the average
cross sectional area, which was used in the stress calculations. The test setup is shown in
Figure 3.1a.

(a)

(b)

Figure 3.1 Polyurea Test Setup (a) and Detail of Lower Grip (b)
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The tension tests were conducted using a 44 kN Satec (now known as Instron)
load frame equipped with a load cell and capable of measuring load and displacement.
The tests were all performed using the displacement control setting with a pull rate of
12.7 mm/min. Prior to running the tests, the gauge length for each specimen was
measured as the distance between the grips. This value was used along with the recorded
displacement to determine the strain in the specimen. The measured force time history
was used along with the average cross sectional area to determine the stress in the
specimen.
The results from the 8817 (white) polyurea are shown in Figure 3.2a. A detail
view of the early portion of the test is also shown in Figure 3.2b. Examination of the
detail view reveals a nearly horizontal portion of the stress-strain curve near 500 kPa. At
first, it was speculated that this was the result of the specimen slipping in the grips. After
further inspection, it was found that all specimens had this feature and that it always
occurred at approximately the same force level, which seemed unlikely to be from
slipping for all specimens. It was determined that the actual source of the increase in
displacement was the movement of the lower grip in the mount mechanism. The lower
grip, under gravity, rested on the top of the mount, but was being restrained by the pin
when the vertical load exceeded the weight of the grip (Figure 3.1b). The test results
were therefore modified to remove this motion which appeared as a sudden change in
strain.

19

25

5.5

Specimen
Specimen
Specimen
Specimen

20

1
2
3
4

Specimen
Specimen
Specimen
Specimen

5
4.5

1
2
3
4

4

Stress [MPa]

Stress [MPa]

3.5

15

10

3
2.5
2
1.5
1

5

0.5
0

0
0

0.2

0.4

0.6
0.8
Strain [mm/mm]

1

1.2

0.02

0.04

1.4

(a)

0.06
0.08
Strain [mm/mm]

0.1

0.12

(b)

Figure 3.2 Test Results for 8817 Polyurea (a) and Detail View of Low Stress Region (b)

In order to utilize the test results in a finite element model, the results were
averaged to produce a characteristic curve for each formulation. The first step in
producing the average curve was to calculate the average breaking strain. This was
selected as the strain just prior to the rapid decrease of stress. The selected values are
represented as circles and the average of the four values is indicated by the vertical light
blue line in Figure 3.3a.
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Figure 3.3 Test Results with Average Max Strain and Average Strain (a) and
Final Averaged Results (b)

The second step was to average the four curves in a strain region where all four
specimens had not failed. A strain of 0.55 mm/mm was selected and the average curve
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can be seen in Figure 3.3a. The last step was to use the Matlab Polyfit function to fit a 2nd
order polynomial to the average strain curve from a strain of 0.3 mm/mm to 0.55 mm/mm
and then extrapolating the polynomial from 0.55 mm/mm to the average breaking strain
(vertical light blue line).
The final results of the method are shown in Figure 3.3b and are labeled
‘Average’. One note is that the peak stress of the final averaged results does not match
the average of the maximum stress from the 4 test specimens. In the case of the 8817, the
peak of the final averaged results is 16.93 MPa versus an averaged max stress of 17.83
MPa.
Similar to the 8817, the tension test results for the 9041 brush on polyurea were
processed and averaged. Both the test results and the final averaged results are shown in
Figure 3.4.
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Figure 3.4 Final Averaged Resuls for 9041 Brush on Polyrea
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The average results for the 8817 and 9041 are plotted together in Figure 3.5 for
comparison. It is clear that the 8817 polyurea is much stronger than the 9041 and that the
modulus of the 8817 is also higher. An elastic modulus and yield stress were determined
from the averaged stress – strain plots. The values were determined by fitting a linear
curve to initial portion of the curve. For the 8817 and the 9041, the modulus was
determined to be 106 MPa and 72 MPa respectively. The yield strength was determined
to be 13.8 MPa for the 8817 and 4.1 MPa for the 9041. These values are explicitly
needed in the finite element representation of the polyurea (see Chapters 7 and 10).
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Figure 3.5 Final Averaged Results for the 8817 and 9041 Polyureas

Comparing the elastic modulus of the 8817 from the hanging weight test and the
tension test shows a large difference in the modulus. The hanging weight tests result in a
much higher modulus than that determined from the tension tests. The specimens and
results were inspected and it was concluded that the data from the tension tests was the
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most appropriate to use. As stated above, the manufacturer produced the hanging weight
specimens by means of spraying a coating over a nonstick surface. This resulted in a
specimen with one smooth surface and one severely dimpled surface. The dimpled
surface made it difficult to determine the appropriate thickness to use for the stress
calculations. Also with this specimen, there were areas of black speckle that appeared
along the centroid. The manufacturer stated that this was deemed ‘burning’ and was the
result of the heat generated due to the thickness of the specimen. The specimens
manufactured by the author for the tension tests were poured, not sprayed, which resulted
in two smooth surfaces and showed no ‘burning’ even thought the specimens were
thicker than the hanging weight specimen. In fact, the black burned areas were not seen
in any of the testing performed during this research whether sprayed or poured. It is
unclear what impact, if any, the ‘burning’ would have on the mechanical properties
derived from the hanging weight test.
In addition to the above, the test procedure was examined for differences. Since
the elastic modulus was the desired result of the hanging weight test, the test was only
performed to stress level of ~170 kPa which is over 100 times lower than the ultimate
strength of the material. Loading of the specimens was low since the results of the
hanging weight tests were used to simply make observations regarding the differences of
the 8817 and 1137 polyureas. It is unclear that the modulus of the hanging weight
specimen would have remained the same at the higher stress-strain levels of the tension
tests.
For the tension tests, it was expected for the polyurea to fail at strain levels at or
above 100% strain based on discussion with the manufacturer and through searching of
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the literature. Based on this, it was decided to use the cross head displacement in order to
determine the strain since the typical strain gage is valid for strains up to ~5%. It is
possible that slipping of the specimens within the grips occurred although inspection of
the specimens after testing did not indicate any slipping. In retrospect, it would have
been useful to utilize strain gages during the tension tests to help validate the strain
determined from the cross head displacement. Full characterization of the material with
validated results will be left to future research.
With only the stress-strain data determined by the cross head displacement, the
open literature was searched for comparable test results in order to validate the results. It
was found that very little test data has been published for quasi-static testing. A majority
of the published test results are for high strain rates which is not applicable to the current
research. Three sources of data were found in the literature and the reported modulus for
low strain rates ranged from 49.5 MPa to 192 MPa, which compares well with the
modulus calculated using the cross head displacement [27][28][29]. Certainly the cited
results are for different formulations of polyurea but the modulus of the 8817 lies within
the range. Based on this and the investigation of the specimens and results, the properties
obtained during the tension tests will be used, but modification of the properties will be
parametrically studied during the finite element development.

3.3

Polyurea Coating Method

Creative Materials develops polyurea that can be sprayed at pressures at or
below 415 kPa by means of one of the Voyager low pressure sprayers (Figure 3.6). For
this research, the low pressure cartridge system was used which utilizes two 750 ml
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cartridges in a 1:1 mix ratio along with a static mixer to properly mix the A and B sides.
The coating application method is detailed in Appendix B.

Figure 3.6 Voyager Spray System with Polyurea Components and Static Mixer
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CHAPTER 4

STRUCTURAL ENHANCEMENT OF BUILDING MATERIALS:
PHASE I FLEXURAL TESTS

Traditional and non-traditional building materials were tested in order to
determine if polyurea could be used to increase the flexural performance of the materials.
This chapter describes the testing of these materials and results of the tests. The materials
tested included two types of honeycomb composite panels and two reinforced
cementitious panels. Specimens were prepared and tested in four point bending to assess
the bending strength of the materials in both uncoated and polyurea coated
configurations.

4.1

Specimen Preparation

Four flexure specimens from four different materials were fabricated for a total of
16 specimens that each had dimensions of 61 cm X 10.2 cm with varying thickness
between the materials. Two of the materials tested were commercially available
honeycomb panels. The first was Nida-Core H11PP honeycomb core with 18 oz
fiberglass face sheets and the second was Nida-Core H11PP honeycomb panel with
Lauan face sheets. Both materials were purchased in large panels and simply cut to size
using a table saw. The other two panels tested were graphite reinforced cementitious
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panels one with and one without free fibers. The graphite reinforced cementitious panels
were fabricated by placing two layers of graphite mesh over 13 mm thick Nida-Core
H11PP honeycomb core that was filled with one of the cementitious matrixes.

4.1.1

Honeycomb Plates

Both honeycomb materials were purchased from Nida-Core and were delivered in
61 cm X 122 cm sheets that were then cut into the final dimensions. The honeycomb
panels were constructed of a 13 mm thick polypropylene core, designated H11-60 PP,
with a thermo fused non-woven polyester cloth face sheet to which either the lauan or
fiberglass face sheets were adhered [30]. Figure 4.1 shows the honeycomb with cloth
face sheet and a cross section of the lauan honeycomb panel.

(a)

(b)

Figure 4.1 Honeycomb with Cloth Face Sheet (a) and Lauan Composite Panel (b)

The lauan face sheet, also known as meranti plywood, was 2.7 mm thick and the
fiberglass face sheet, designated as18 oz. wet laminated glass W/R, was 0.74 mm thick.
Nida-Core supplied the material properties of the face sheet materials which are shown in
Table 4.1. For these particular panels, one of the most important material properties is
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the strength of the bond between the reinforcing face sheet and the cloth face sheet.
Unfortunately, these values were not supplied by the vendor.

Table 4.1 Honeycomb Face Sheet Material Properties

Property
Thickness (mm)
Tensile Modulus (MPa)
Compressive Modulus (MPa)
Flexural Modulus (MPa)
Tensile Strength (MPa)
Compressive Strength (MPa)
Flexural Strength (MPa)
Shear Strength (MPa)

Lauan
2.7
11032
11032
11032
6.89
6.89
6.89
7.58

Fiberglass
0.74
13790
15513
13445
204.8
181.3
289.6
96.5

Although the bending stiffness will be dominated by the face sheet properties, the
failure of the panel could be one of several failure modes including failure of the core.
The core properties needed for finite element modeling and failure prediction were only
partially supplied by Nida-Core on their website [31]. The other properties were derived
mainly using analytical formulas found in a widely cited book by Gibson and Ashby
entitled Cellular Solids [32]. Other sources were used as needed to fill in missing
properties and are referenced when presented. In their book, Gibson and Ashby provided
derivations for the material properties of the honeycomb based on the properties of the
solid material, in this case polypropylene. For the analysis included in this research,
three material properties are need for solid polypropylene. These properties are the
density, elastic modulus, and the Poisson’s ratio. Gibson and Ashby supplied the density
and modulus and the Poisson’s Ratio was published in an additional source. These
properties are shown in Table 4.2.
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Table 4.2 Material Properties of Polypropylene

Property

Value

Source

Density [kg/m3]
Elastic Modulus [MPa]
Poisson's ratio, ν

907.9
120 – 170
0.42

[32]
[32]
[33]

The honeycomb core was considered to be orthotropic with equal in plane
properties (X-Y plane) and with the out-of-plane normal along the Z axis. The
orthotropic assumption required 9 independent material constants, 3 elastic moduli, 3
shear moduli, and 3 Poisson’s ratios. The product data sheet from Nida-Core listed the
out-of-plane elastic modulus and density as 12.6 MPa and 60 kg/m3 respectively. As
verification, the out-of-plane modulus,

, has been shown to be related, by the rule of

mixtures, to the solid modulus and the solid and honeycomb densities [34], by

.

(4.1)

Using the average solid elastic modulus and density from Table 4.2 along with the
provided honeycomb density of 60 kg/m3 results in an out-of-plane modulus of 94.5
MPa. This is nearly an order of magnitude higher than the supplied modulus. Based on
this result, a piece of honeycomb core, without the cloth face sheet, was weighed to
verify the density. The sample was approximately 58 cm X 124 cm X 13 mm and
weighed 0.68 kg. This results in a density of 72.7 kg/m3. This is only about 20% higher
than the supplied density and so the assumption leading to Equation 4.1, like uniform
honeycomb shape and size, may invalidate the equation for this honeycomb. It was
decided to use the supplied modulus and density for the initial finite element models. If
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necessary, the modulus would be updated to reflect the higher value if a poor match
between the test data and FEM was observed.
In their book, Gibson and Ashby derive the properties of the honeycomb core
using equilibrium equations that relate the properties of the core to the geometry of the
cell and the material properties of the raw material. For the remaining properties needed
for the finite element modeling it was assumed that the cells of the honeycomb core are
regular hexagons which are characterized by equal length sides and interior angles of
120°. The first derivations made by Gibson and Ashby relate the in-plane moduli to the
relative densities of the polypropylene and the honeycomb and the polypropylene
modulus as
(4.2)

.

Using the provided data and material properties results in an in-plane modulus of
0.6 MPa, which is relatively small modulus especially compared to the face sheets and
even the out-of-plane modulus. Other published research on the mechanical properties of
honeycomb suggests using an in-plane modulus of 0.0 or possibly a very small number in
order to avoid numerical instability [35]. The calculated value of 0.6 MPa is sufficiently
small and yet large enough to avoid numerical issues. This value will be used for both
the in-plane moduli.
There are a total of 6 Poisson’s ratios for an orthotropic material with only 3
independent. Those needed for the analysis are
that

,

,

. Gibson and Ashby state

is equal to the Poisson’s ratio of the polypropylene, which from Table 4.2 is 0.42.

Utilizing their derivations with the assumption of a regular hexagon results in a value of
1.0 for

and applying the reciprocal relation between elastic modulus and Poisson’s
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ratio results in a value for
numerical problems,

of approximately zero. In order to avoid any potential

and

were set to .99 and .01 respectively. With the 3 moduli

and 3 Poisson’s ratios obtained, the remaining needed values are 3 shear moduli.
Gibson and Ashby analytically formulated the in-plane shear modulus,

, based

on standard beam formulas by assuming that the shear deflection was due to cell wall
bending. Based on the assumption of regular hexagon cells, the in-plane shear modulus
reduces to be simply one-fourth of the in-plane elastic modulus. This results in a value
for

of 0.15 MPa. The other two shear moduli (

and

), which are much larger

than the in-plane, were tested and supplied by Nida Core to be 4.0 MPa. With that, the 9
independent values needed for the honeycomb cores have been described and are
summarized in Table 4.3.

Table 4.3 Summary of Honeycomb Core Properties

Property
Ex and Ey [MPa]
Ez [MPa]
Gxy [MPa]
Gxz and Gyz [MPa]
νxy
νxz
νxz

Value
0.6
12.6
0.15
4.0
0.99
0.01
0.42
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4.1.2

Cementitious Plates

A previously developed mix design containing polyvinyl butyral and styrenebutadiene-rubber (SBR) acrylic latex was selected for the cementitious panels, one with
and one without the addition of 0.6% by volume polyvinyl alcohol (PVA) fibers [36].
This mix was chosen for its relative low modulus and high strength. Several 61 cm x 61
cm plywood molds (Figure 4.2) were built, lined with plastic, and equipped with covers
in order to facilitate making the cementitious panels. The plastic liner was purchased at a
local hardware store and had an adhesive back. The liner was adhered to the bottom
surface, side rails, and cover with special care taken to prevent as many air bubbles as
possible.
Each matrix was mixed using a Hobart mixer and then hand placed in the
honeycomb core. A total of 6 molds were filled; 3 with each matrix. After placing, the
panels were vibrated to reduce the voids that occurred during initial placement. After the
mold was filled, it was covered with a plastic lined lid to prevent shrinkage and the mold
was placed in a humidity chamber so that it could cure for 14 days. The molds were
removed from the chamber and the panels were extracted from the molds. The extraction
from the molds proved to be a challenge.
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(a)

(b)

Figure 4.2 Honeycomb Core Placed in Mold (a) and Mix Being Hand Placed (b)

The adhesive back on the plastic prevented the liner from first being removed
from the mold and the cementitious panel was stuck to the liner. The bond between the
panel and the plastic liner had to be broken carefully which required the use of several
different tools and several hours. A better solution would have been to adhere the plastic
liner in such a way that it would be easily removed from the molds and then the plastic
could be peeled away from the plates. A chemical mold release was not used to ensure
that no reaction between the release and the polyurea could occur. After removal the
plates were allowed to dry for an additional 48 hours.
After the cementitious composite core dried, both sides were sanded so that a
graphite weave could be bonded to each one of them using epoxy. During sanding, it was
observed that the honeycomb was below the bottom surface of the concrete indicating
that the honeycomb ‘floated’ in the concrete during placing resulting in a plate thicker
than 13 mm thick honeycomb. After sanding and wiping, a West System’s epoxy was
prepared according the manufacturer’s directions. The epoxy applied to the surface of
the concrete and to the graphite sheet, then the graphite was placed and the excess epoxy
was removed. This process was repeated for one surface of each panel separately to avoid
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making large batches of epoxy, which can lead to premature curing due to the heat
produced during the mixing of the resin and the catalyst. The panels were allowed to
cure for 24 hours and then repeated for the other surface of each panel. The panels were
then allowed to cure for an additional 24 hours before cutting them to produce the final
specimens. A completed panel before cutting is shown in Figure 4.3.

Figure 4.3 Example of Completed Panel Before Final Cutting

A graphite leno weave purchased from Cytec Fiberite, Inc. was used for the
reinforcement. A schematic is shown in Figure 4.4. It consisted of non-impregnated
graphite fibers with 3,000 fibers per tow, spaced at 3.18 mm intervals. Each tow was
0.19 mm thick and 1.07 mm wide. The layer thickness was measured to be 0.381 mm
and the percent of open area was determined to be 44%. According to the manufacturer,
the elastic modulus and tensile strength of the fiber is 231 GPa and 3.65 GPa,
respectively.
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(a)

(b)

Figure 4.4 Schematic of Graphite Mesh (a) and Detail View with Cell Dimensions (b)

For each of the different panels, three of the four specimens were coated with
polyurea and one was left uncoated. The specimens that were sprayed were coated 1) on
the bottom surface with polyurea, 2) the top surface with polyurea, and 3) coated on both
surfaces. The black aromatic polyurea was exclusively used for all specimens.

4.2

Testing Methodology

In order to conduct the four point bending tests according to ASTM standards, a
test frame was designed and built which is shown in Figure 4.5. The test frame was used
with a 98 kN capacity MTS testing machine. The inner (upper and fixed) and outer
(lower and movable) supports were situated at distances of 15.2 cm and 45.7 cm apart,
respectively; placing the central section in pure bending. A load cell was used to measure
the total force, P that was distributed to both supports and the central span moment could
be easily calculated given the distances between rollers. All tests were run at a loading
rate of 2.54 mm/min.
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Figure 4.5 Four Point Bending Setup with Test Frame (Blue)

In addition to load, the MTS machine was capable of measuring the cross head
displacement and this was recorded for each specimen. Referring again to Figure 4.5, the
upper crosshead position was fixed and the lower crosshead was controlled such that the
desired loading rate (2.54 mm/min) was obtained. When recording the crosshead
displacement, it is clear from the figure that this is equivalent to the displacement at the
outer rollers. In a specimen with uniform geometry and therefore a constant moment of
inertia, the displacement at any point along the span can be calculated using well known
flexure formulas with the knowledge of the displacement of one point. Although
attempts were made to produce uniform specimens, the thickness of the cementitious
plates in particular varied across the span leading to a moment of inertia as a function of
span. This fact lead to the use of a gage dial to measure the center deflection relative to
the inner supports as can be seen in Figure 4.5. Unfortunately the dial gage, and
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corresponding force, was not recorded by the data acquisition system and had to be read
manually, leading to errors in this measurement.

4.3

Results and Discussion

Moment versus crosshead displacement plots for each material and configuration
are shown in Figure 4.6. Additionally, moment versus center displacement plots are
shown in Figure 4.7. A table summarizing the test results for all 16 specimens is
presented in Table 4.4.
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(a)

(b)

(c)

(d)

Figure 4.6 Moment Versus Crosshead Displacement for (a) No Fiber Cementitious, (b) Fiber
Cementitious, (c) Fiberglass Honeycomb, and (d) Lauan Honeycomb
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(a)

(b)

(c)

(d)

Figure 4.7 Moment Versus Center Displacement for (a) No Fiber Cementitious, (b) Fiber
Cementitious, (c) Fiberglass Honeycomb, and (d) Lauan Honeycomb
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Table 4.4 Bending Specimen Test Results

Crosshead
Disp at Max
Moment
[mm]

Center Disp at
Max Moment
[mm]

No.

Specimen Description

Max
Moment
[N-mm]

1

No Fiber Uncoated

279736

22.6

6.3

2

No Fiber Black On Bottom

223473

19.3

4.3

3

No Fiber Black On Top

268100

22.4

3.0

4

No Fiber Black On Both

244939

21.3

2.7

5

Fiber Uncoated

253186

18.9

2.9

6

Fiber Black On Bottom

251605

19.0

3.5

7

Fiber Black On Top

284595

24.0

5.9

8

Fiber Black On Both

251605

19.2

3.3

9

Nida Fiberglass Uncoated
Nida Fiberglass Black On
Bottom
Nida Fiberglass Black On
Top
Nida Fiberglass Black On
Both

46321

12.3

1.3

56264

15.0

1.7

67900

18.2

1.9

52987

15.4

1.3

21579

5.0

1.3

14

Nida Lauan Uncoated
Nida Lauan Black On
Bottom

14913

3.2

1.6

15

Nida Lauan Black On Top

16495

3.4

0.3

16

Nida Lauan Black On Both

34798

20.8

7.1

10
11
12
13

Review of the moment versus displacement plots and the summary table of results
raised more questions than they answered. It was noticed, for example, that the crosshead
displacement was not always the same multiple of the panel’s center deflection.
Theoretically, it should be 6.67 for the roller spacing, provided the specimen remains
elastic and the flexural stiffness (EI) remains constant over the span. Although trends in
the data were identified, there were some discrepancies that could not be explained. Also,
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visual inspection of the photographs taken during the tests revealed that, in many cases,
the deflection of the beam did not follow the profile predicted by the elastic curve.
Upon physical inspection of the specimens, the likely reason for the unexplained
results was discovered. The polyurea manufacturer suggested that the specimens first be
cut from the panels and then coated, as opposed to coating the panels first and
subsequently extracting the specimens. The manufacturer rationalized that cutting
through the polyurea coating may change its properties and/or weaken the bond between
the polyurea and the substrate. While spraying the coating on the individual specimens,
however, the edged were left unmasked. The overspray varied significantly along the
length of the span and from specimen to specimen. As explained in the paragraphs that
follow, this selectively reinforced the bond between the core and the substrate which led
to many unexpected developments.
Table 4.5 includes a set of notes regarding the deposition of polyurea on the edges
of the specimens and a description of the failure mode that occurred in each. Figure 4.8
includes photographs to clarify the nomenclature used to describe polyurea deposition.

Table 4.5 Notes Regarding Polyurea Deposition and Failure Mode.

No.

Specimen Description and Polyurea
Deposition

1

No Fiber Uncoated: no overspray.

2

No Fiber Black on Bottom: significant
overspray on bottom edges, front and
back; dots of polyurea on top edges,
front and back.

Notes Regarding Failure Mode
Panel failed in tension at bottom within
center span.
Panel delaminated on top within center
span. Separation occurred between
graphite/epoxy layer and concrete. Some
regions along delamination remained
connected by polyurea dots. In these areas,
concrete failed in compression.

3

No Fiber Black on Top: significant
overspray on top edges, front and
back; regions of polyurea on bottom

Panel buckled on top within center span.
Polyurea bridged gap underneath
graphite/epoxy layer. A local buckle formed
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edges, front and back.

4
5

6

7

8
9

10

11

12
13

No Fiber Black on Both; overspray very
heavy on front side; significant
overspray on top edge, back side;
regions of polyurea on bottom edge,
back side.
Fiber Uncoated: no overspray.
Fiber Black on Bottom: significant
overspray on bottom edges, front and
back; dots of polyurea on top edges,
front and back.
Fiber Black on Top: overspray very
heavy on front side; significant
overspray on top edge, back side; no
polyurea on lower edge, back side.
Fiber Black on Both: overspray very
heavy on front side; no significant
overspray on edges, back side.
Nida Fiberglass Uncoated: no
overspray.
Nida Fiberglass Black on Bottom:
regions of polyurea on bottom edges,
front and back; regions of polyurea on
top edge, back side; no polyurea on top
edge, back side.
Nida Fiberglass Black on Top: regions of
polyurea on top edge, front side;
significant overspray on top edge, back
side; regions of polyurea on bottom
edges, front and back
Nida Fiberglass Black on Both:
overspray very heavy on front side;
regions of polyurea along top and
bottom edges, back side.

14

Nida Lauan Uncoated: no overspray.
Nida Lauan Black on Bottom: dots of
polyurea on bottom edges, front and
back; no polyurea on top edges, front
and back.

15

Nida Lauan Black on Top; overspray
very heavy on top edge, back side;
regions of polyurea on top edge, front

prior to failure.

Panel buckled on top within center span.
Polyurea bridged gap underneath
graphite/epoxy layer. A local buckle formed
prior to failure.
Panel delaminated on top within center
span.

Panel delaminated on top within center
span.

Panel failed at bottom in tension within
center span.
Panel delaminated on top within center
span on the side that had no polyurea.
Panel delaminated on top outside of center
span.

Panel delaminated on bottom outside of
center section along the edge where there
was no polyurea.

Panel delaminated on bottom outside of
center span.

Panel delaminated on bottom outside of
center span.
Panel delaminated on bottom outside of
center span.

Panel delaminated on top outside of center
span.
Panel delaminated on bottom outside of
center span.
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side; no polyurea on bottom edges,
front and back.

16

Nida Lauan Black on Both: overspray
very heavy on both sides.

Panel delaminated on bottom within center
span.

(a)

(b)

(c)
Figure 4.8 Photos and Examples of Nomenclature Used to Describe Polyurea Deposition: Heavily
Coated on Front Side (a); Significant Overspray on Top Edge, Regions of Polyurea on Bottom Edge,
Front Side (b); Dots of Polyurea on Both Edges, Front Side (c)

All but two of the 16 bending specimens failed with some type of delamination of
the reinforcement (cementitious panels) or face sheets (honeycomb panels). Only
Specimen 1 and Specimen 7 failed in a different manner when they failed abruptly in
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tension as the reinforcement fractured. All of the other specimens failed when the
adhesive between the reinforcement or face sheets failed in shear or when the
reinforcement or face sheets buckled due to the compressive loads. It was observed that
when compared to its uncoated counterpart, specimens with significant overspray along
one or more edges were able to withstand higher loads. For example, comparing
Specimens 13 and 16 shows that the uncoated specimen (13) held 21,579 N-mm whereas
the coated specimen (16) withstood 34,798 N-mm. It was observed that Specimen 16
experienced heavy overspray on both sides of the specimen (Table 4.5).
The main conclusion drawn from the panel bending tests was that a panel that is
predisposed to bending failure due to weak bonds between the core and primary
reinforcement may be strengthened by either using polyurea to coat its edges (Specimen
9 versus Specimen 11) or by fully encapsulating the panel with polyurea (Specimen 13
versus Specimen 16). This primary conclusion helped direct the Phase II flexural testing
program to include configurations with edge spray only and fully encapsulated
configurations. The Phase II testing program is detailed in Chapter 5.
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CHAPTER 5

STRUCTURAL ENHANCEMENT OF BUILDING MATERIALS:
PHASE II FLEXURAL TESTING METHODOLOGY

Chapter 5 describes the second phase of flexural testing for polyurea coated
building materials. The specimen preparation along with material properties is detailed.
The composite panels tested include honeycomb, plywood, and carbon fiber reinforced
concrete. In addition, the test setup and testing methodology are described.

5.1

Specimen Preparation

The Phase II flexural testing program was driven by observation made during the
Phase I tests. During those tests, it was observed that polyurea can strengthen composite
panels that are predisposed to bending failure due to weak bonds between the core and
the reinforcement or face sheets. For the Phase II testing program, special care was taken
to deposit polyurea only on the intended surface and to include an edge coat and fully
encapsulated configuration to the configurations already tested in the preliminary tests.
Specimens for the four point bending tests were fabricated from both lauan and
fiberglass faced honeycomb, plywood, and reinforced cementitious concrete. For all
materials, the final specimen dimensions were approximately 61 cm X 61 cm X 13 mm.
The honeycomb and plywood were purchased in large sheets and were cut into the final
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dimensions using a table saw. Each material was coated in six different configurations to
test the structural enhancement properties of polyurea and to determine the optimal
coating configuration. Based on the results and observations from the Phase I tests, it
was decided to test the specimens 1) uncoated, 2) coated on the top, 3) coated on the
bottom, 4) coated on both top and bottom, 5) coated on the edges only, and 6) coated on
all surfaces, i.e. totally encapsulated with polyurea. Table 5.1 summarizes the number of
four point bending specimens per configuration. A total of 48 specimens were prepared
and tested.

Table 5.1 Number of Specimens per Configuration

Lauan
Honeycomb

Fiberglass
Honeycomb

Plywood

Carbon Fiber
Reinforced
Cementitious
Plates

Uncoated

2

2

2

2

Coated on Top Only

2

2

2

2

Coated on Bottom
Only

2

2

2

2

Coated on Top and
Bottom

2

2

2

2

Edge Coated Only

2

2

2

2

Fully Encapsulated

2

2

2

2

Configuration

The coating process detailed in Appendix B was used to coat the four point
bending specimens using the 8817 polyurea. Due to the rapid gel time of the polyurea,
the specimens were placed on a set of polypropylene blocks in order to raise the
specimens off of the plywood floor covering in order to prevent bonding to the covering.
The rapid gel time also prevented the use of traditional masking techniques. Similar to
the Phase I tests, the desire was to first cut the specimens and then apply the polyurea
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coating. In order to mask the edges, several specimens were first placed together such
that adjacent specimens became the mask for the other specimens. Next, around the
perimeter of the group of specimens, sacrificial pieces were placed around the group to
mask the exposed edges. Once masked, the specimens were coated with polyurea.
Immediately after the specimens were coated, the sacrificial pieces were removed and the
group of specimens was separated to allow for final curing and to prevent bonding to one
another.
The following sections describe in detail the materials used and the mechanical
properties that were used as a basis for the finite element modeling, which is described in
Chapter 6. For all of the four point bending specimens, the strategy for the models was to
use to the layered composite option available in commercially available software. This
method requires knowledge of the mechanical properties for the individual layers as
opposed to the overall composite properties.

5.1.1

Honeycomb Plates

The honeycomb panels used for Phase II testing were the same as the panels used
in the Phase I tests (Section 4.2.1)

5.1.2

Plywood Plates

Plywood is a manufactured wood panel made by gluing together layers of thin
wood veneers. In order to “establish nationally recognized requirements for products and
to provide all concerned interests with a basis for common understanding of the
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characteristics of a product”, the Department of Commerce publishes the Voluntary
Product Standard (VPS) PS 1 entitled Structural Plywood. The VPS is administered by
the National Institute of Standards and Technology (NIST), which acts as an unbiased
coordinator for the standard [37]. Since the NIST has no regulatory power, the plywood
product standard is voluntary but has become followed as a trade custom since trade
association like the APA – The Engineering Wood Association (APA) contribute to the
development of the VPS. The VPS for plywood specifies details like veneer thickness,
grain orientation and adhesive types and also sets structural performance requirements
[38]. Additionally, the APA publishes design specifications for its member mills, which
is used in conjunction with the VPS design and manufacturing standards. Plywood
manufactured to the APA and/or VPS guidelines bears either or both of the APA
trademark and the PS 1 standard designation.
For this research, plywood designated APA B-C 15/32” pine sanded plywood was
used. Per the APA, this plywood consists of a minimum of 3 layers and 4 plies. A ply is
typically a single wood veneer where as a layer can be either a single ply or multiple plies
with the same grain orientation. The 15/32” plywood used for this research consisted of
front and back plies with parallel grain and 2 internal plies with grain perpendicular to the
front and back plies. The plywood was purchased from a local hardware store in 61.0 X
122.0 cm precut sheets to aid in the handling of the sheets. As stated, the VPS for
plywood sets the minimum performance requirements which include limits for both
bending and shear loads. The minimum structural requirements from the VPS that are
applicable to this research are listed in Table 5.2. The test procedure within the VPS calls
for bending tests both across and along the major panel axis. In general, testing across
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the major axis will result in lower bending strength when compared to results from along
the major axis.

Table 5.2 Minimum Structural Plywood Requirements

Thickness
[in (mm)]
15/32
(11.9)

Shear Through
Thickness
Strength (N/mm)

Bending Stiffness
(kN-m2/m)

Bending
Strength
(kN-m/m)

Planar
Shear
Strength
(kN/m)

33.3

1.22

0.313

7.7

Although minimum structural limits like those shown in Table 5.2 are useful for
design purposes, it is more practical to compare the test results from this research with
previously published experimental data. An excellent source of information on the use of
wood as an engineering product is the Wood Handbook produced by the Forest Product
Laboratory. The editors state in the foreword that the handbook is designed to be the
primary reference on the use of wood anywhere from construction to decorative purposes
[39]. The handbook contains typical mechanical properties of wood and wood based
products which include plywood. Chapter 5 of the handbook contains an extensive list of
mechanical properties for a wide variety of solid sawn wood including over 15 different
species of pine. Properties were listed for both green wood and 12% moisture content
wood. The properties for the 12% moisture content most closely match the wood used
for this research. Table 5.3 below lists the range of properties for 12% pine from the
Wood Handbook. Since wood is an orthotropic material, a total of 12 material constants,
9 independent, are needed to fully describe the elastic behavior of the material. The
material constants needed are 3 moduli of elasticity (MOE), 3 moduli of rigidity or shear
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moduli, and 6 Poisson’s ratios, where only 3 of the Poisson’s ratios are independent. In
general, the modulus of elasticity parallel to the grain (longitudinal), Poisson’s ratios, and
the strength properties are simply listed in the handbook whereas the remaining elastic
moduli and the shear moduli are presented as ratios with respect to the longitudinal
elastic modulus. In the case of these properties, the average longitudinal elastic modulus
was used to calculate the shown range. One additional note, the data presented in the
handbook for elastic modulus was obtained from static bending tests and the handbook
notes that the bending tests include the effects of shear deflection and that the true tensile
modulus is 10% higher than the modulus obtained from the bending tests. So, in the table
below, the tension MOE was calculated by multiply the mean bending MOE by 1.1,
which resulted in a value of 12045 MPa. This value was used to determine the remaining
elastic moduli and the shear moduli.
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Table 5.3 Mechanical Properties of Solid Sawn Pine Wood

Property

Wood
Handbook
Value [26]

Specific Gravity

0.35 - 0.59

EL - Longitudinal Modulus of Elasticity, Bending [MPa]

8200 - 13700

EL - Longitudinal Modulus of Elasticity, Tension [MPa]

12045

Modulus of Rupture (MOR) [MPa]

57 - 112

Compression Parallel to Grain [MPa]

30.8 – 58.4

Compression Perpendicular to Grain [kPa]

3000 - 7000

Tension Parallel to Grain [MPa]

65.4 - 106

Tension Perpendicular to Grain [kPa]

2000 - 3200

Shear Parallel to Grain [MPa]

6.1 – 11.6

ET - Tangential Modulus of Elasticity [MPa]

750

ER - Radial Modulus of Elasticity [MPa]

1210

Shear Modulus, GLR [MPa]

1120

Shear Modulus, GLT [MPa]

960

Shear Modulus, GRT [MPa]

145

Poisson's Ratio, νLR

0.28 - 0.393

Poisson's Ratio, νLT

0.292 - 0.444

Poisson's Ratio, νRT

0.383 - 0.469

The properties listed above represent the starting point for the modeling of the
plywood as a laminated composite. In addition to the properties for the solid wood, the
Wood Handbook also has a reference to outside work with some composite properties of
plywood. The outside work was research that was intended to test the impacts of
environment on the structural properties of plywood [40]. The researchers placed
plywood made from a variety of woods outdoors for six years to study the degradation of
the surface quality and structural properties. In order to determine the change in
structural properties, a set of control specimens were wrapped in plastic to protect them
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from the environment. As a comparison, the structural properties for pine plywood from
Biblis and the equivalent wood properties from the Wood Handbook are listed in Table
5.4. The data shows that the pine plywood results for the MOE and the MOR are much
lower than the properties listed for the raw pine wood. This can be at least partially
explained by the fact that plywood is a composite material with alternating layers of
oriented veneers which results in reduced overall material properties compared to the
solid sawn wood properties. Another potential rational for the lowered properties would
be the unknown effects of the age of the plywood (6 years) and the potential for
unintended environmental effects that were meant to be eliminated by wrapping in
plastic. Nonetheless, the plywood properties give a helpful comparison for the finite
element models, which as a starting point will use the Wood Handbook wood properties
and then will be adjusted to as necessary to best match the uncoated specimens.

Table 5.4 Structural Properties of Plywood

Source
Property

Wood Handbook [39]

Biblis [40]

Specific Gravity

0.35 - 0.59

0.57

Modulus of
Elasticity (MPa)

8200 - 13700

7722

Modulus of
Rupture (MPa)

57 - 112

37
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5.1.3

Cementitious Plates

The cementitious plates were fabricated using a high-performance matrix
reinforced with plain weave carbon fiber fabric. Results from the Phase I flexural tests
showed that the epoxy bond between the reinforcement and the cementitious matrix
failed in all but two of the specimens. This led to the decision to test whether or not a
brushable polyurea would be a good candidate for bonding the reinforcement to the
matrix. A sample specimen was fabricated to which a piece of carbon fiber fabric was
bonded using 9041 brush on polyurea. In order to determine the bond strength of the
9041 to the matrix, a peel test was attempted. The test showed that the failure actually
occurred within the matrix. As the fabric was pulled, the concrete failed leaving a layer
bonded to the fabric/polyurea. This led to the decision to use the 9041 to bond the
reinforcement to the cementitious plates.
The mix design for Phase II was updated from the Phase I tests. The design was
developed under concurrent research and was partially selected due to the availability of
additional test results outside of the current research. Like the Phase I tests, the intent of
the design was to produce a matrix with a relatively high tensile strength and low
modulus [41].

The low modulus allows the load to be driven to the reinforcement due

to the large stiffness ratio of the modulus of the reinforcement to the modulus of the
matrix. This is desired due to the large difference in tensile strength between the
reinforcement and the concrete. Table 5.5 lists the constituents and mix proportions of
the concrete.
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Table 5.5 High-performance Cementitious Mix Design [41]

Constituents/Concrete Mix:

Mix Proportion (kg/m3)

Cement

832.96

Metakaolin

79.3

B - 79 (Butvar - PVB)

182.39

B -75 (Butvar - PVB)

118.95

Water

364.78

Sika

26.68

W/C

0.438

Molds constructed from plywood and 12.7 mm thick pine rails were fabricated.
The dimensions of the molds were 61 cm X 30.8 cm X 12.7 mm which would result in
three specimens per mold. Extra width was added in order to account for the saw kerf,
hence the 30.8 cm width. During the first attempt to place the plates, the bottoms of the
molds were lined with heavy duty plastic similar to a painter’s plastic and the rails were
lined with painters tape. A chemical mold release was not used to eliminate possible
interference with the bonding of the polyurea and the concrete. The plastic film was 6mil low density Polyethylene that was purchased from McMaster-Carr. The film was
shipped with the plastic folded and placed in a box as opposed to being rolled, which
resulted in creases in the film. The plastic was stretched as best as possible over the
molds and stapled to the wood on the back side of the wood. Stretching was done in an
attempt to remove wrinkles and staples were used to facilitate removal after curing. The
staples could be easily removed, or the plastic even torn, which would allow the cured
plated to be lifted out of the mold, flipped, and the plastic peeled away. Figure 5.1 below
shows an example of the mold with a placed plate.
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Figure 5.1 Example of Mold with Placed Plate

The constituents were mixed according to the mix procedure and placed into the
molds [42]. The mold was placed on a vibration stand and vibrated while the concrete
was worked into the mold. A sweep was placed across the rails of the mold in an attempt
to achieve a consistent thickness. Once the plate was placed, the mold was loosely
wrapped in plastic and allowed to cure for three days. After three days, the plates were
carefully removed from the molds with the intent of placing in water to cure for an
additional 25 days. It is evident from Figure 5.2 that the selected plastic, with creases,
was neither tight enough nor flat enough to use as a mold liner. A better plastic film was
needed that was preferably smooth and was shipped on a roll as opposed to folded. A 5mil PVC film, which is similar to a very thick overhead transparency film, was selected
and ordered from McMaster-Carr. A second set of plates were placed with molds lined
with the PVC plastic. After three days, the plates were removed and placed into the
water. The bottom of the plates looked smooth upon removal from the molds.
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Figure 5.2 First Attempt at Placing Plates

After the water cure, the plates were removed and allowed to dry before being cut
using a table saw. At this point, it was clear that the PVC liner in the mold produced a
smooth glassy surface on one side of the plate. There were concerns that the smooth
surface would prevent the polyurea from forming a strong bond. Therefore, the smooth
surface was hand sanded to rough the surface. The sanding revealed many small voids
that were just below the surface. After sanding, the plates were cut into 10.2 cm wide
specimens using a table saw and were ready for the bonding of the carbon fiber fabric.
The fabric that was selected for reinforcement was a 5.7 oz plain carbon weave
purchased from US Composites. The manufacturer lists the fabric to be a 3K tow weave
with a thickness of 0.25 mm [43]. The manufacturer also provided via email the raw
fiber material properties from the two suppliers that are used to make the fabric. These
properties are shown below in Table 5.6. It can be seen that the two fibers have very
similar properties with the Pyrofil fiber having the higher strength of the two. The plain
weave fabric was bonded to the matrix using the brushable 9041 polyurea.
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Table 5.6 Raw Fiber Material Properties

Supplier
Property

Cytec Industries

Grafil Inc

Fiber Description

Thronel T-300C PanBased Fiber

Pyrofil TR30S 3K

Tensile Strength (MPa)

3750

4410

Tensile Modulus (GPa)

231

235

Elongation at Break (%)

1.4

1.9 [44]

Filament Diameter (micron)

7

6.87 [44]

The 9041 polyurea, since it has a pot life of about 20 minutes, was mixed in
small batches to be used on one surface of 4 specimens per batch. After mixing, the
polyurea was deposited on the surface of the 4 plates using a foam paint brush. Fabric,
that was precut larger than the concrete plates, was placed onto the coated surface and a
clean foam brush was used to tap the fabric down into the polyurea. After the polyurea
was allowed to cure, the plates were flipped over and the process was repeated. After
final curing, the extra fabric was cut using a pair of shears. The plates were now ready
for coating using the 8817 polyurea.
In addition to the cementitious composite plates, two plates were fabricated
without reinforcement in order to obtain material properties of the concrete. Due to
limited availability, only one specimen was instrumented with a pair of strain gages.
Both gages were placed near the center of the beam, oriented along the length of the
beam with one on top and one on bottom (Figure 5.3). Both beams were tested in four
point bending in the same manner that all other specimens were to be tested (see next
section for testing methodology). It is evident from the figure that the strain gages were
placed in the constant moment section.

57

Figure 5.3 Concrete Specimen Instrumented with Strain Gages

Figure 5.4 shows the moment-displacement plots for the two unreinforced
concrete plate tests, where Specimen 1 was the plate instrumented with the strain gages.
The plot shows that both specimens reach failure about the same displacement and that
Specimen 2 failed at a moment approximately 60% lower than Specimen 1. Both
specimens failed in the constant moment section in tension and the specimen dimensions
were measured at the failure location in order to determine the failure strength. The
calculated tensile failure strength is shown in Table 5.7 along with the modulus
determined using the strain gage data for specimen 1 and the flexural formula for both
specimens.
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Figure 5.4 Test Results for Concrete Specimens

Table 5.7 Material Properties for PVB Concrete

Specimen
1
2
Average

Tensile
Strength
[MPa]
6.03
4.79
5.41

Elastic Modulus
from Strain Gage
Data [GPa]
7.58
6.28(1)
6.96

Elastic Modulus from
Flexural Formula [GPa]
6.51
5.46
5.98

(1) Estimated from ratio of modulus determined from flexural formula. See text below.

For the instrumented specimen (specimen 1), the obtained stress-strain plot is
shown in Figure 5.5. The data shows a near linear curve up to failure. The elastic
modulus value shown in Table 5.7 was obtained by a linear fit through the stress-strain
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data. The moment-displacement curves in Figure 5.4 indicate that specimen 2 has a
lower modulus than specimen 1. Since the second specimen was not instrumented, the
flexural formula was used to estimate the modulus.
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Figure 5.5 Stress-Strain Tension Plot for Concrete Specimen 1

The displacement at the loading point for a beam supported and loaded in four
point bending is given by
(5.1),

where P is the load at the inner roller, or half the load cell load, L is the span from
support-to-support, a is the distance from the support to the load point, E is the elastic
modulus and I is the moment of inertia (MOI) [45]. Given a specimen with uniform
dimension across its span, it is clear that Equation 5.1 could be used to determine the
modulus once the force and displacement data have been recorded. Since the dimensions
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of the concrete specimens varied along the length, an average moment of inertia was
used. The average MOI was determined by measuring the plate width at the supports,
loading points, and the break point and by measuring the thickness at the front and back
of the specimen at the same points along the span as the width. The two thickness
measurements at a given span were averaged before determining the MOI for that
location. This resulted in 5 MOI data points used to determine the average.
Using the flexural formula for each force – displacement data point resulted in a
series of elastic modulus values. This approach yields values similar to a linear fit that
always begins at the origin. From Figure 5.4 it is clear that both specimens display some
nonlinear behavior and especially specimen 2 in the early portion of the curve. A better
approach is to rearrange the flexural formula such that the slope of the curve yields the
modulus

(5.2)
(5.3)

In Figure 5.4, specimen 1 has a nearly linear region from a displacement of 0.51
mm to 1.02 mm and for specimen 2, a linear region from 1.02 mm to 1.52 mm. These
data points were used in conjunction with Equation 5.3 to determine the modulus. These
values are presented in Table 5.7. Comparing the modulus values for specimen 1, the
value determined from the average MOI is approximately 15% lower than the modulus
determined from the strain gage data. Certainly, using an average MOI based on a few
points could lead to this difference. Using the ratio between the two modulus values of
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specimen 1 as a scale factor for the single modulus of specimen 2 results in an estimate of
the modulus as if a strain gage had been used on specimen 2. Applying the scale factor
results in a value of 6.28 GPa, which is shown in Table 5.7. This value is approximately
20% lower than the measured value for specimen 1. These kinds of variations in both
modulus and tensile strength of similar concrete mixes and specimens have been reported
in previous research and so this value is appropriate to use in spite of the method of
determining the modulus [46].
To help confirm the modulus and strength of the concrete mix used, two other
sources of test data were studied. In two separate research programs, researchers at the
University of Alabama in Huntsville performed instrumented tests that are useful for
comparisons. First, Xu et al, instrumented cylinders for compression testing using a PVB
mix that was very similar to the one used in this research [47]. A stress-strain plot from
the compression tests are shown in Figure 5.6. The curve for the PVB mix has a nearly
linear region up to approximately 3000 με and then shows nonlinear behavior up to
failure which occurs at a stress of 42.5 MPa. A best fit curve through the linear portion
reveals a modulus of 11 GPa. Again, the mix used by Xu was similar but different from
the mix used to fabricate the four point bending specimens. With that said the
compression test data gives a good check on the values derived from the four point
bending tests.
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Figure 5.6 Stress-Strain Compression Plot for a Similar PVB Mix[47]

Second, in a separate study from the present, the same mix design as the present
was used to determine the effectiveness of applying polyurea to unreinforced plates and
cylinders, and in the case of the cylinders, exposing them to wet/dry cycles with salt
water [41][42]. A total of 3 plates were subject to four point bending and each specimen
was instrumented with strain gages in the center span on the tension side. In addition to a
check on the tensile strength and modulus, the research also yielded the compressive
strength which will be used in the development of the finite element models. A summary
of the data from the three sources is shown below in Table 5.8. The properties from the
current research effort along with other needed properties from other researchers will be
used in the development of the finite element models (Chapter 7).
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Table 5.8 Summary of Test Data for PVB Concrete

Source
Property

Current

Xu et al. [47]

Toutanji et al. [48]

Modulus of Elasticity [GPa]

6.96

11.0

9.44

Tensile Strength [MPa]

5.41

-

4.39

Compressive Strength [MPa]

-

42.5

32.8

5.2

Testing Methodology

For Phase II of the flexural testing, a new MTS loading device was used. The
loading frame, the fixture, and specimen can be seen in Figure 5.7. The primary
difference between the Phase I loading frame and the Phase II loading frame is that in the
newer frame shown below, the lower head is fixed and the upper movable. This is in
agreement with the calculation in the previous section where the measured force and
cross head displacement will match the inner roller values. Each specimen was tested to
failure at a rate of 6.4 mm/min. For each specimen, the force and displacement data was
recorded at a rate of 2.5 samples/sec.
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Figure 5.7 MTS Loading Frame with Fixture and Loaded Specimen
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CHAPTER 6

STRUCTURAL ENHANCEMENT OF BUILDING MATERIALS:
PHASE II FLEXURAL TESTING RESULTS AND DISCUSSION

The results of the Phase II flexural testing program are presented. The results for
each panel type are given in terms of a moment-displacement curve as well as in tabular
form. A discussion of the results is included with each panel with a summary of the
entire program included at the end of the chapter.

6.1

Results and Discussion

The results for all of the panels are presented as moment-displacement curves and
tables of maximum moments with observations on how each specimen fails. Included
with the results is a discussion of the observations of the results and whether or not the
polyurea had a strengthening effect on the panels.

6.1.1

Lauan Honeycomb Plates

Moment-displacement results for the lauan honeycomb panels are shown in
Figure 6.1.

The figure shows that initially that all of the curves initially have a similar

slope up through 11,000 – 17,000 N-mm. This, of course, indicates that there is a
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consistent elastic flexural stiffness between the specimens. After the elastic portion,
failure of the specimens occurs between approximately 22,500 N-mm and 67,000 N-mm.
Nearly all of the curves show some nonlinear behavior prior to maximum moment
indicating some type of yielding prior to ultimate failure.
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Figure 6.1 Lauan Honeycomb Panel Moment-Displacement Test Results

The results in Figure 6.1 show that the specimens fail in relatively slow manner
after reaching the peak moment with the displacement at peak load occurring between 5.3
mm and 22.6 mm. The peak moments, displacement at the peak moment, and a comment
on the failure mode are presented in Table 6.1. As described in the table, all of the lauan
specimens fail in shear at the lauan to honeycomb interface. This can be attributed to a
shear failure within the adhesive layer or from a bond failure between the adhesive and
the base materials.
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Table 6.1 Summary of Lauan Panel Results

Specimen

Maximum
Moment
[N-mm]

Cross Head
Displacement at
Maximum Moment
[mm]

Notes Regarding Failure
Mode

Uncoated 1

25622

5.3

Shear Failure at Lauan Honeycomb Interface

Uncoated 2

23699

12.4

Shear Failure at Lauan Honeycomb Interface

Top Coated 1

38771

10.9

Shear Failure at Lauan Honeycomb Interface

Top Coated 2

35032

7.4

Shear Failure at Lauan Honeycomb Interface

Bottom Coated 1

50558

17.3

Shear Failure at Lauan Honeycomb Interface

Bottom Coated 2

44670

11.4

Shear Failure at Lauan Honeycomb Interface

Both Top and
Bottom Coated 1

29385

10.2

Shear Failure at Lauan Honeycomb Interface

Both Top and
Bottom Coated 2

65146

13.0

Shear Failure at Lauan Honeycomb Interface

Edge Coated 1

36202

14.7

Shear Failure at Lauan Honeycomb Interface

Edge Coated 2

62742

22.6

Shear Failure at Lauan Honeycomb Interface

Encapsulated 1

60830

14.5

Shear Failure at Lauan Honeycomb Interface

Encapsulated 2

49392

14.2

Shear Failure at Lauan Honeycomb Interface

Photographs taken of specimens at or just after the onset of failure clearly show
the shear failure. The displaced shape after failure is shown for the Edge Coated 2
specimen in Figure 6.2. The shear failure occurs near the midpoint between the inner and
outer rollers of both sides of the specimen. This results in a hinge at the failure and a
nearly uniform displacement between the inner rollers. It is clear from the figure that the
portion of the specimen between the inner rollers is nearly horizontal, whereas if the
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panel was in the linear elastic range, then the displaced shape between the inner rollers
would be expected to follow the curvature based on the flexure formula.

Figure 6.2 Shear Failure of Lauan Panel

Inspection of the results in both Figure 6.1 and Table 6.1 shows no clear trends.
Observations made from the Phase I tests results show that edge coating or encapsulating
may provide structural strengthening when compared to the uncoated configuration.
During Phase II, specimens Edge Coated 2 and Encapsulated 1 held the 2nd and 3rd
highest moment respectively, but both Edge Coat 1 and Encapsulated 2 specimens were
significantly lower. In addition, the specimen that withstood the highest overall moment
(Top and Bottom Coated 2) was not coated along the edge at all. This indicates that the
addition of polyurea to the lauan panels did not increase their capability to sustain the
applied load. This is reasonable due to the fact that all of the specimens failed in shear at
the lauan – honeycomb interface and this type of internal failure cannot be reinforced by
externally applied coatings. Additionally, the large range of the peak moments is
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attributed to variance in the adhesive, bond strength, or internal flaws like voids within
the glue line.
One additional observation from results shown in Figure 6.1 is that there is
nonlinear behavior prior to the peak moment occurrence. Based on the supplied material
properties given in Chapter 4, this nonlinear behavior most likely is yielding of the lauan
face sheets in either tension or compression due to the low strength (see Table 4.1). The
nonlinear behavior as well as evaluation of the interface shear strength will be explored
using finite element models in Chapter 7.

6.1.2

Fiberglass Honeycomb Plates

Moment-displacement results for the fiberglass panels are shown in Figure 6.3.
Much like the lauan results, the maximum moments range from approximately 22,600 to
67,700 N-mm. Most of the curves follow a similar path when compared to the lauan,
which is linear nearly up to the peak followed by the peak and a slow drop off. A few
exceptions are present in which the failure is abrupt. One example is the Coated Bottom
1 (black dashed line) in which the moment-displacement curve ramps up to
approximately 65,000 N-mm before the sudden drop. A second example is the Coated
Top 1 specimen (blue dotted curve that reaches a displacement slightly larger than 20
mm) which after the peak is reached, slowly decreases before an abrupt drop. The
specimens and photographs were examined to determine the reason for the sudden drop.
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Figure 6.3 Fiberglass Honeycomb Panel Moment-Displacement Test Results

Pictures taken during the testing of the Coated Top 1 specimen are shown in
Figure 6.4. Like the lauan failures, the first failure was a shear type failure at the
interface between the fiberglass and honeycomb. The second failure was a wrinkling, or
buckling, of the compression face sheet and it was found that this coincided with the
sudden drops in the moment-displacement curves. The stress distribution will be
examined in Chapter 7 which includes a discussion and analysis of skin wrinkling.

(a)

(b)
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Figure 6.4 First (a) and Second (b) Failures of the Coated Top 1 Specimen

A summary of the fiberglass results are shown in Table 6.2. Similar to the lauan
panels, the displacement at the peak moment ranges from 8.9 to 21.6 mm. It is
interesting to note that the fiberglass panels are slightly less stiff (slope of the momentdisplacement curve) than the lauan as determined by comparing Figure 6.1 and Figure 6.2
up to 2.5 mm of displacement. The lauan panels required approximately 11,000 N-mm
of moment to reach this displacement whereas the fiberglass panels reached the
displacement near 9,000 N-mm. This is attributed to the thickness of the lauan (2.7 mm)
compared to the fiberglass (0.74 mm) and the increase of moment of inertia differences
that this creates. Even though the modulus of elasticity is higher in the fiberglass, the
overall flexural stiffness, computed as EI, is higher in the lauan.
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Table 6.2 Summary of Fiberglass Panel Results

Specimen

Maximum
Moment
[N-mm]

Cross Head
Displacement at
Maximum Moment
[mm]

Notes Regarding Failure
Mode

Uncoated 1

40256

11.7

Shear failure at FBG Honeycomb interface

Uncoated 2

28710

8.9

Shear failure at FBG Honeycomb interface

Top Coated 1
Top Coated 2
Bottom Coated 1

52742
55020
64749

15.7
13.5
16.0

Shear failure at FBG Honeycomb interface
Buckle of the FBG
Buckle of the FBG

17.8

Shear failure at FBG Honeycomb interface
followed by a buckle of
the FBG

16.0

Shear failure at FBG Honeycomb interface
followed by a buckle of
the FBG

Bottom Coated 2

Both Top and
Bottom Coated 1

64000

60627

Both Top and
Bottom Coated 2

62756

16.8

Shear failure at FBG Honeycomb interface
followed by a buckle of
the FBG

Edge Coated 1

66315

21.6

Shear failure at FBG Honeycomb interface

Edge Coated 2

45623

14.5

Shear failure at FBG Honeycomb interface

Encapsulated 1
Encapsulated 2

70441
42900

21.6
11.4

Shear failure at FBG Honeycomb interface
Buckle of the FBG

Like the lauan results, no clear trends in the fiberglass data are present. Here, the
specimen that held the highest moment is actually the Encapsulated 1 specimen and the
2nd highest is the Edge Coated 1 specimen. The results from these two specimens follow
the hypothesis from the Phase I tests that coating along the edges, either encapsulation or
edge coating only, can reinforce the panels. However, the 3rd and 4th highest moments
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were not coated along the edge and both the Encapsulated 2 and Edge Coated 2 held
significantly lower load. Comparing the lauan and fiberglass results shows a very similar
range in moment capacity. This indicates that the critical stress for both types of panels
is the shear strength at the interface between reinforcement and the honeycomb given the
fact that a majority of both panels failed in shear at the interface. As with the lauan, the
conclusion that is drawn is that the coatings are unable to reinforce the panels when the
primary failure mechanism occurs at an internal interface.

6.1.3

Plywood

Plywood moment-displacements curves are plotted in Figure 6.5. The plywood
results show a peak moment range of approximately 90,000 – 230,000 N-mm, which is
significantly higher than both the lauan and fiberglass panels. Inspection of the curves
also shows that the plywood is stiffer than both honeycomb panels. Using the same
metric as before, the plywood reaches a displacement of 2.5 mm near 17,000 N-mm
compared to the 11,000 N-mm and 9,000 N-mm for the lauan and fiberglass respectively.
This increase in stiffness is attributed to the higher modulus of the pine compared to the
lauan and fiberglass and the higher modulus of the pine inner plies compared to the
honeycomb.
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Figure 6.5 Plywood Moment-Displacement Test Results

Like the honeycomb panels, the results of the plywood results are summarized in
tabular form including the maximum moment, displacement at peak moment, and
comments on the failure modes. Those results are shown in Table 6.3.

Table 6.3 Summary of Plywood Panel Results

Specimen

Maximum
Moment [Nmm]

Cross Head
Displacement at
Maximum Moment
[mm]

Uncoated 1

130423

21.3

Uncoated 2

109585

17.3
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Notes Regarding
Failure Mode
Tension failure in
center span
Tension failure in
center span. First
failure occurred around
a knot and second
failure was a
continuation of first
crack

Tension failure in
center span
Tension failure
between outer and
inner rollers. Failed
along a growth ring
that ran across
specimen

Top Coated 1

97571

13.2

Top Coated 2

77899

9.1

Bottom Coated 1

200152

47.2

Bottom Coated 2

202580

40.4

Tension failure in
center span
Failure on compressive
side in center span.
Crack formed parallel
to grain. Second
failure was on tension
side in center span.
Tension failure only
through coating and
partially through first
ply. Third failure was
tension all the way
through

Both Top and
Bottom Coated 1

210607

27.2

Tension failure in
center span

Both Top and
Bottom Coated 2

212394

30.5

Edge Coated 1

153570

22.9

Tension failure in
center span
Failure in tension
surface between outer
and inner rollers. First
failure went partially
from front to back, and
second failure
continued along first
crack
Tension failure in
center span

Edge Coated 2

150119

17.3

Encapsulated 1

210705

41.7

Encapsulated 2

218628

24.6

Tension failure in
center span
Buckle failure in center
span followed by
tension cracks in the
center span

Unlike the results from the honeycomb panels, the results from the plywood tests
indicate that addition of a polyurea coating increases the moment capability of plywood.
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Based on the results, the preferred surface to coat is the tension surface. The
configurations with polyurea deposited on the bottom surface withstood on average 1.7
times the moment of the uncoated. These configurations were the bottom coated, top and
bottom coated, and both the encapsulated specimens. The edge coated and top coated
configurations did not perform as well in the tests. The edge coated specimens were able
to withstand approximately 25% more moment but the top coated specimens held less
moment than the uncoated configurations. On average, the top coated specimens only
were able to withstand approximately 75% of the moment that uncoated specimens
withstood. It is unclear whether or not coating the upper (compressive) surface resulted
in premature failure or if the results from the top coated configuration could be attributed
to variance within the wood. The notes of the failure for the Top Coated 2 specimen
show that failure occurred in the tension side along a growth ring that crossed the
specimen. This may indicate an area of weaker wood or internal flaws along the ring.
The results from the Top Coated 1 specimen are closer to the uncoated results but are still
are about 20% lower than the average uncoated values. If coating is responsible for
weakening the plate, then this observation is analogous to findings of researchers at the
University of California in San Diego. In their experiments, a thin steel plate was
reinforced with polyurea on either the front or back surface and subject to an impulsive
pressure load [49]. They found that coating the back surface, which was the surface
away from the incident pressure, could delay the onset of failure but coating the front
could actually “enhance the destructive effect of the blast…”
Inspection of the curves in Figure 6.5 shows a mixture of abrupt failures and
highly nonlinear failures. The shape of the individual curves likely indicates the failure
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mechanism. Based on a Federal Highway Administration report, abrupt wood failures
indicate a brittle tension failure and failures showing plasticity indicate a ductile
compression [50]. This report, which documents the wood model that was incorporated
into the FEM code LS-DYNA, states “the stress-strain relationships of wood in parallel
tension, perpendicular tension, and shear are typically linear to brittle failure, while the
stress-strain relationships of wood in parallel compression and perpendicular
compression are typically nonlinear and ductile.”[50]
Examination of the moment-displacement curves shows that the majority of the
plywood specimens fail in an abrupt manner, indicating a brittle tension failure. For
certain, the two bottom coated specimens show a pronounced nonlinear shape suggesting
that these specimens first failed in a compressive manner before ultimately failing as
cracks formed in the tension surface. It is interesting that the bottom coated specimens
are both highly nonlinear but both top and bottom coated specimens are nearly linear up
to failure. This suggests the polyurea, in the bottom coated configurations, is
strengthening the coated surface such that failure is moved to the compressive side.
When coated on top and bottom, the polyurea coating is reinforcing both surfaces, which
increases the overall strength of the specimen, but the failure remains as the preferred
brittle tension failure. The two encapsulated specimens both show more nonlinearity
than the top and bottom coated specimens but much less than the bottom coated only.
Still, fully encapsulating the specimen led to an increase in the moment capability. With
regards to the overall results, one complicating factor was found during inspection of the
specimens after testing.
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Inspection of the specimens revealed that there was a large variance in the ply
thickness between specimens. The inner and outer plies varied in thickness from
approximately 2.5 mm to 3.8 mm with outer plies thicker on some specimens and vice
versa on others. As an approximation to the impact that this will have, the moment of
inertia is calculated using the minimum, maximum, and nominal (3.2 mm) thicknesses.
For these calculations, the outer plies are assumed to account for all of the inertia, which
is a reasonable approximation based on the higher modulus parallel to the grain compared
to the modulus perpendicular to the grain. The total moment of inertia (MOI) is
determined by calculating the MOI of the ply and using the parallel axis theorem to
account for the offset from the neutral axis. The results in Table 6.4 show about a 10%
difference between the nominal and both the maximum and minimum variations. This
was expected since the offset accounts for the majority of the MOI of the section. This
variation in the MOI may account for some of the differences seen in the plywood results,
and perhaps may be the reason for the nonlinear behavior of some of the specimens.
Regardless, the difference in the MOI is not enough to call into question the
strengthening effect the polyurea had when coated on the bottom tension surface. The
mechanism for the strengthening is not entirely clear.

Table 6.4 Comparison of Moment of Inertia Based on Outer Layers

Description
Nominal
Maximum
Minimum

Thickness
[mm]
3.2
3.8
2.5

Io - 1 Layer
[mm4]
271
468
139

2

Ad - 1 Layer
[mm4]
7317
7648
6660
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I - Total
[mm4]
15175
16233
13597

Ratio
w.r.t
Nominal
1.07
0.90

Comparing the elastic modulus of the polyurea coating (Chapter 3) and the
plywood (Chapter 5) shows that the modulus of the plywood is approximately an order of
magnitude larger than the polyurea. This coupled with the fact that the thickness of the
coating is on the order of 5 times smaller than the outer plies of the plywood would
suggest that only a small stress transfer from the plywood to the polyurea coating would
occur based on a mechanics of materials approach. This implies the polyurea is not
acting as a reinforcing layer like the carbon fiber on the cementitious panels. It is
speculated that the coating works as a crack arrester preventing surface flaws from
propagating. Said another way, the composite material of polyurea and plywood has a
higher fracture toughness than just the plywood. In Chapter 7, finite element modeling
will be used to study the differences in coated versus uncoated to verify the low stress
transfer and to explore whether or not coating the compression surface should be
expected to weaken the specimen.

6.1.4

Cementitious Plates

Moment-displacement curves for the carbon fiber reinforced cementitious panels
are shown in Figure 6.6. The peak moments range from approximately 11,000 N-mm to
200,000 N-mm. This is similar to the range shown in the plywood results. The curves
for the cementitious panels all show a similar trend. First the curves are linear up to a
moment of about 30,000 – 45,000 N-mm with a noticeable change of stiffness occurring
at this point. After this change, the curves show a second nearly linear slope up to
failure. One specimen, Uncoated 1, has a unique plot when compared to the others. As
noted during the testing, this specimen actually failed when the 9041 brush on polyurea
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debonded from the surface of the concrete. As stated in Chapter 5, the PVC liner in the
concrete molds resulted in smooth surface that was later sanded. For the Uncoated 1
specimen, the smooth surface was in fact the surface that the polyurea debonded from.
This specimen likely was not sanded enough to ensure a strong bond between the
polyurea and concrete.
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x 10

Cementitious1
Cementitious2
Cementitious CoatedBoth1
Cementitious CoatedBoth2
Cementitious CoatedBottom1
Cementitious CoatedBottom2
Cementitious CoatedEdge1
Cementitious CoatedEdge2
Cementitious CoatedEncap1
Cementitious CoatedEncap2
Cementitious CoatedTop1
Cementitious CoatedTop2

1.8
1.6

Moment [N-mm]

1.4
1.2
1
0.8
0.6
0.4
0.2
0
0
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10
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20
25
Cross Head Displacement [mm]

30

35

Figure 6.6 Cementitious Panel Moment-Displacement Test Results

It is interesting to note that all but two specimens reach a displacement greater
than 25 mm prior to failure. The two specimens that fail before 25 mm are the Coated
Top 1 and Coated Top 2 specimens. It is unclear if the polyurea deposited only on the
top surface led to the premature failure. This will be investigated in Chapter 7 using the
finite element models.
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The summary of results for the cementitious panels is shown in Table 6.5. The
displacement at the maximum moment ranged from 16 mm to 29 mm. All but two of the
specimens failed in tension within the center span. The two that did not were the
Uncoated 1 (debonded) and the Bottom Coated 1 that failed between the outer and inner
rollers. Ultimately, both specimens failed in an abrupt tension type failure, which is
indicated by the sharp drop of the moment-displacement curves.
At first glance, the results for the cementitious panels, like the lauan and
fiberglass, do not show that the polyurea improved the strength of the panels. There is a
large variability between configurations but also within a configuration. Overall, the
fully encapsulated specimens held higher loads than the others, but unlike the plywood,
the bottom coated specimens withstood a much lower moment. It was the variability in
the results that led to looking at the data from a different perspective.

82

Table 6.5 Summary of Cementitious Panel Results

Specimen

Maximum
Moment [N-mm]

Cross Head
Displacement at
Maximum Moment
[mm]

Notes Regarding Failure
Mode

Uncoated 1

108260

27.9

Debond occurred first at
inner roller, followed by
multiple cracks at both
inner rollers and then
ultimate failure

Uncoated 2

156998

26.4

Tension failure in center
span

Top Coated 1

113368

16.0

Tension failure in center
span

Top Coated 2

155784

20.6

Tension failure in center
span

132156

25.7

Tension failure in span
between inner and outer
rollers

143044

25.9

Tension failure in center
span

178541

26.7

Tension failure in center
span

152469

27.2

Tension failure in center
span

Edge Coated 1

179890

29.0

Tension failure in center
span

Edge Coated 2

158350

26.9

Tension failure in center
span

Bottom Coated
1
Bottom Coated
2
Both Top and
Bottom Coated
1
Both Top and
Bottom Coated
2

Encapsulated 1

196712

27.2

Tension failure in center
span

Encapsulated 2

168741

28.4

Tension failure in center
span

The most valid way to compare strength results between specimens is to compare
the stress at failure. For specimens of nearly the same geometry, then it is valid to
compare just the force or moment since the stress is the force normalized by the specimen
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geometry. This is the case for the honeycomb and to an extent the plywood specimens.
For the cementitious specimens, however, inspection of the average thickness at the
failure point shows a thickness range of 14.3 mm – 19.2 mm. The average thickness was
determined using two measurements along the break point and includes the coating where
applicable. Making an assumption that the fiber reinforcement provides the majority of
the specimen strength, then the section modulus, and therefore the stress, will be
dominated by the square of the specimen thickness. This led to normalizing the
maximum moment by the specimen thickness minus any applicable coating thickness.
The results are shown in Table 6.6.

Table 6.6 Summary of Normalized Cementitious Panel Results

Specimen
Uncoated 1
Uncoated 2
Top Coated 1
Top Coated 2
Bottom Coated 1
Bottom Coated 2
Both Top and
Bottom Coated 1
Both Top and
Bottom Coated 2
Edge Coated 1
Edge Coated 2
Encapsulated 1
Encapsulated 2

Maximum
Moment
[N-mm]
108245
156977

Average Total
Thickness
[mm]
15.5
15.1

Total Coating
Thickness
[mm]
-

Normalized
Moment
[N-m/mm2]
453.1
688.4

113353
155763
132138
143025

17.5
17.7
15.5
16.2

0.51
0.38
0.51
0.64

394.3
518.3
576.6
591.9

178517

16.5

1.14

759.7

152448
179866
158329
196685
168718

16.0
14.4
14.4
17.4
16.0

1.02
1.14
1.52

676.5
865.7
764.7
743.1
803.5
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The normalized results indicate that application of polyurea, either along the
edges or fully encapsulating, has the potential to increase the moment carrying capacity
of these types of specimens. The specimens that withstood the highest and 2nd highest
moments, when normalized, were the Edge Coated 1 and Encapsulated 1 specimens. In
addition, the results from Table 6.5 show that the Edge Coated 1 and Encapsulated 2
specimens had the greatest displacement at failure. It is interesting to note that two of the
lower capacity specimens were both top coated. This is a similar result to the one seen in
the plywood and like the plywood, this observation will be investigated using finite
element modeling in Chapter 7.
The common denominator between the edge coated specimens and the
encapsulated is the coating applied along the exposed edges. Like the plywood findings
suggest, one explanation for this is that the coating is acting to prevent surface flaws from
propagating at lower force levels, i.e. increasing the fracture toughness. If this is the
case, then the moment capability of an unreinforced plate should be enhanced by a fully
encapsulating coating.
This exact scenario was tested by members of a research team at UAHuntsville
[41][48]. In this research, four point bending tests were performed on cementitious
panels placed using 3 different mix designs. The panels were tested in both uncoated and
coated configurations. Their results show that the polyurea coating increases the moment
carrying capability of all 3 mix designs, one of which was the identical mix used within
the current research. The capability of this mix design was increased by nearly 70%
when coated. In addition, the brittle failure seen in the stress – strain diagrams of the
uncoated specimens displayed ductile behavior when coated. The brittle failure in the
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uncoated specimens was seen as a nearly linear curve up to the point of failure. For the
coated specimens, the linear curve was replaced with a nonlinear curve characterized by
strain hardening prior to failure, further indicating that the polyurea coating increases the
fracture toughness of the base cementitious material.
Although the 9041 brush on polyurea was selected due to its ability to bond to the
fiber and concrete, the use of polyurea as the bonding agent may have led to a stronger
panel. If the findings of the plywood and edge coated cementitious panels are correct,
then using polyurea to bond the carbon fiber may have prevented cracks on the tension
surface from propagating. If so, then it may be advantageous to forego the sprayed
coating and simply coat the entire panel during fiber placement. This should allow for a
more uniform coating as well as the ability to target areas with larger initial flaws. It
would be interesting for future researchers to compare the panel strength between
polyurea bonded fiber and epoxy bonded fiber to see if the more ductile polyurea would
retard failure compared to the more brittle epoxy.

6.2

Conclusion

The results of the four point bending tests have been presented along with
discussion for each configuration. The results indicate that in case of the honeycomb
panels, failure due to internal debonding was the primary failure mechanism and that this
type of failure was not affected by the application of polyurea. In the case of the
plywood panels, addition of a polyurea coating to the tension surface increased the
moment capability by nearly 70% when compared to the uncoated configurations.
Conversely, adding polyurea to only the compressive surface tended to lower the moment
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capability when compared to the uncoated specimens. There was a similar finding from
the results of the cementitious panels.
At first, the results of the cementitious panels did not seem to indicate any
enhancement from the application of the polyurea coating. Comparison of the maximum
moments showed a high degree of variability and so it was decided that a better way to
analyze the results was to convert the moments to a pseudo-stress value. This was
accomplished by dividing the maximum moment by the square of the average thickness
at the break point minus any applicable coating thickness. Once normalized, the edge
coated and encapsulated specimens were shown to withstand the highest load. Like in
the plywood, this points to the coating preventing flaws from propagating at lower
moment levels.
An interesting finding in both the plywood and cementitious panels was that the
application of the coating to only the compressive surface tended to reduce the capacity
of the panels when compared to the uncoated. In both cases, the top coated specimens
held on average approximately 20% less moment than the uncoated specimens. It is
unclear why coating the compressive surface would reduce the capacity. This finding, as
well as the other observations, will be studied in Chapter 7 using finite element models.

87

CHAPTER 7

STRUCTURAL ENHANCEMENT OF BUILDING MATERIALS:
FINITE ELEMENT MODEL DEVELOPMENT

The development of the finite element models for the four point bending
specimens is described in this chapter. For each material, a laminate element was used
and the layer definitions are provided. After the initial uncoated models are created, the
models are tuned using the test results from the previous chapter. Once tuned, the coated
models are created and the results of the finite element analysis are compared to the
coated test results. Lastly, a parametric study is conducted to investigate the impacts of
variations to the model parameters.

7.1

Finite Element Model Development

The finite element mesh definition was created using a pre- and post processing
package called FEMAP. Figure 7.1 below shows the model. The mesh consists of 441
nodes and 384 elements with a node spacing of 12.7 mm. The definition of the
composite material was included using the laminate option in MSC Marc, a fully
nonlinear FEA code. The red triangles represent the constraints and the blue circles are
the applied forces. To reflect the testing setup where the inner rollers moved, the
constraints are located at the outer roller in the FEM and the forces are applied at the
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inner rollers. Both the forces and constraints were applied in the out-of-plane direction,
which is the Z direction in the figure. Additional constraints were needed to fully
constrain the model against rigid body motion to perform the static analysis. The forces
were applied to represent a distributed load across the model and equally divided between
left and right inner rollers.

Figure 7.1 Four Point Bending Finite Element Model

The model shown in Figure 7.1 was used for all uncoated and coated
configurations except for the edge coated and fully encapsulated models. For these,
beam elements were added along the applicable edges to represent the coating. The beam
dimensions were selected such that the height was equal to the desired specimen
thickness and the width of the beam was equal to the desired coating thickness.
One issue with the MSC Marc software was discovered during the development
of the model. The element type used for this analysis was the bilinear thick shell
element. The stresses in the element are normally calculated at the outer fiber as well as
any number of user defined locations throughout the thickness. However, when used in
the composite layup, the stresses are only calculated at the centroid. Since the bending
stress is max at the outer fiber, then the calculated stresses for the element will not be the
maximum. As the layer thickness is decreased, the centroid stress will approach the outer
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fiber stress. The layups for each configuration were modeled as a combination of thick
and thin layers depending on the expected stress and the actual thickness of the layer to
be modeled.
Using a mechanics of materials approach, an investigation into an acceptable
layer thickness was performed. Bending stresses from a unit moment were calculated for
a 102 mm X 12.7 mm solid cross section assuming linear elastic stress and compared to
stresses calculated assuming the solid section was divided into layers. The stresses in the
layers were calculated at the centroid. Table 7.1 lists the number of layers, layer
thickness, and percent error compared to the solid section. As expected, assuming only
one layer yields no stress at the centroid since the layer centroid is coincident with the
neutral axis. As the number of layers increases from 1 to 5, there is a large improvement
in the accuracy but improvement slows beyond 10 layers. Since the stress in the
composite materials will be greatest in the outer fiber for each material within the
composite, it was decided to use a minimum layer thickness of 0.13 mm at the outer fiber
of each material within the composite. Subsequent layers were allowed to be thicker to
aid in the building of the model and the analysis of the results. If during analysis of the
results it was seen that the outer layers yielded or failed, then the inner layers were
modified to match the minimum thickness and the solution was rerun. This process was
continued until the stresses were linear elastic within the inner most layer that was
modeled with the minimum thickness.
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Table 7.1 Error in Stress Calculation for a Given Number of Layers

Number of
Layers
1
2
3
4
5
10
15
20
25
50
100

Layer
Thickness
[mm]
12.7
6.35
4.24
3.18
2.54
1.27
0.84
0.64
0.51
0.25
0.13

Percent
Error
100
50
33.3
25
20
10
6.7
5
4
2
1

The following sections detail the model development for each of the uncoated
composite materials. The process for modeling the polyurea coating was to occur after
the uncoated specimens were adjusted to match the test data as best as possible. The
coated models would then be made from the tuned uncoated models and compared to the
coated test data. For all configurations and base materials, the coating will be included as
separate nonlinear layers, or beams in the case of edge coating, using the material
properties developed in Chapter 3. In the Marc finite element software, the nonlinear
analysis requires that the stress-strain data for the polyurea be entered as true stress and
strain as opposed to the engineering stress and strain as shown in Chapter 3. It has been
shown [51][52], assuming a constant volume, that the true stress and true strain can be
related to the engineering stress and strain by
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and

(7.1)

.

(7.2)

Equations 7.1 and 7.2 were used to convert the stress-strain data shown in Chapter
3 for both the 8817 and 9041 polyurea. The true stress and strain were then included in
the Marc input files for the analysis.
In order to perform the nonlinear analysis, the applied force was incrementally
applied and was automatically selected by the solver with some user input. The user
selects the initial increment size and the solver adjusts this as necessary during the
solution as the problem dictates. The initial increment size was set as 1% which results
in approximately 100 increments per solution.

7.1.1

Honeycomb Plates

The material properties for both the lauan and fiberglass reinforced plates were
described in Chapter 4. Both of the lauan and fiberglass face sheets were modeled as
isotropic materials. This assumption is valid for the lauan since the grain direction was
parallel to the span for each of the specimens. The honeycomb was modeled as an
orthotropic material with a 0° orientation since the properties in the X and Y directions
were equal. The finite element layups for each composite are shown in Table 7.2 and
Table 7.3.
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Table 7.2 Layup Properties for Lauan Reinforced Honeycomb Plates

Layer

Material

Thickness [mm]

1 (Top, Compression)

Lauan

0.13

2
3

Lauan
Honeycomb

2.57
0.13

4

Honeycomb

12.70

5
6

Honeycomb
Lauan

0.13
2.57

7 (Bottom, Tension)

Lauan

0.13

Table 7.3 Layup Properties for Fiberglass Reinforced Honeycomb Platess

7.1.2

Layer

Material

Thickness
[mm]

1 (Top, Compression)
2

Fiberglass
Fiberglass

0.13
0.61

3

Honeycomb

0.13

4

Honeycomb

12.70

5
6

Honeycomb
Fiberglass

0.13
0.61

7 (Bottom, Tension)

Fiberglass

0.13

Plywood

The properties used for the modeling of the pine plywood were the average values
taken from Table 5.3. Each layer was modeled as an orthotropic material with the strong
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axis aligned with a 0° orientation. The layup used in the FEM for the uncoated plywood
is shown in Table 7.4. As stated in Chapter 5, the plywood used for this research was
designated 15/32” thick with 4 plies, top and bottom outer plies with the grain parallel to
the span and two inner plies with the grain perpendicular to the span. When measured,
the actual specimen thickness was on average 13 mm which led to the plies being
modeled as 3.2 mm thick. As discussed in Chapter 6, the actual ply thickness varied
from 2.5 mm to 3.8 mm, but for the initial modeling, the nominal value of 3.2 mm was
selected.

Table 7.4 Layup Properties for Pine Plywood Plates

7.1.3

Layer

Material

Thickness [mm]

Orientation

1 (Top, Compression)
2
3
4
5
6
7

Pine
Pine
Pine
Pine
Pine
Pine
Pine

0.13
3.1
0.13
3.1
3.1
0.13
3.1

0°
0°
90°
90°
90°
90°
0°

8 (Bottom, Tension)

Pine

0.13

0°

Cementitious Plates

The material properties for the cementitious composite plate constituents were
described in Chapter 3 and Chapter 5. The material properties listed for the carbon fiber
fabric were for the individual fibers used in the weave. In order to apply those material
properties to the FEM, a set of equivalent properties were needed to coincide with the
mesh size and layer thickness.
94

The fabric manufacturer stated that the fabric had a thickness of 0.25 mm. This
thickness was used in conjunction with the 102 mm width of the FEM in order to
determine the equivalent properties. The equivalent elastic modulus was determined by
simply equating the stiffness of the actual fabric geometry to the idealized FEM
geometry. The stiffness for a uniaxial specimen is given by
(7.3),

where A is the area, E is the modulus, and L is the specimen length. Therefore, equating
the geometry (G) based stiffness to the FEM (F) based stiffness gives
(7.4).

Here the length is simply a characteristic length and both can be set to unity.
Rearranging Equation 7.4 leads to the FEM modulus as a function of both areas and the
fiber modulus
(7.5).

The area for the actual geometry was determined by using the number of tows
across the width of the specimen in conjunction with the stated filament diameter and
number of filaments per tow. As stated in Chapter 5, the filament diameter is 7 microns
and there are 3000 filaments per tow. The number of tows across the width of the
specimens was determined to be 50 by visual inspection. The layers representing the
fabric in the FEM have a width of 102 mm and a total thickness of 0.25 mm. The total
thickness of the two layers was used since the total area of the filaments was used. Using
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Equation 7.5 with the modulus of the fibers from Cytec (E = 231 GPa) yields an effective
fabric modulus of 50.5 GPa.
In order to estimate the ultimate stress to coincide with the FEM geometry, the
force required to break 50 tows was calculated and then divided by the layer area. This is
a simple P/A calculation that assumes no bending in the layer which is reasonable due to
how thin the layer is compared to the overall specimen thickness. The force to break a
single tow was determined by multiplying the tow area (0.11 mm2) by the fiber strength
(σu = 3.75 GPa) which equated to 420 N per tow. Therefore, the force to break 50 tows is
21,000 N. The ultimate breaking stress for the FEM was then calculated by dividing the
force to break the 50 tows by the FEM area of 25.8 mm2 which yielded a FEM ultimate
stress of 815 MPa. A summary of the material properties used for the cementitious plates
is presented in Table 7.5.
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Table 7.5 Summary of Material Cementitious Plate FEM Properties

Material

Tensile Strength
[MPa]

Compressive
Strength [MPa]

Elastic Modulus
[GPa]

Concrete

5.41

32.8

6.96

Carbon Fiber Fabric

815

815

50.5

9041 Brushable
Polyurea

See Chapter 3

See Chapter 3

0.072

The layup definition for the composite plate is shown in Table 7.6. The top and
bottom layers represent the carbon fiber reinforcement using the equivalent material
properties just derived. The fiber is bonded with a layer of the brushable 9041 polyurea.
When measuring the 8817 spray on coating thickness for the normalization in Chapter 6,
the brush on coating thickness was estimated to be on average 0.51 mm and so this was
used for the 9041 layer in the FEM.

Table 7.6 Layup Properties for Cementitious Plates

Layer
1 (Top, Compression)
2
3
4
5
6
7
8
9
10
11 (Bottom, Tension)

Material
Fiber
Fiber
9041 Polyurea
9041 Polyurea
Concrete
Concrete
Concrete
9041 Polyurea
9041 Polyurea
Fiber
Fiber
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Thickness [mm]
0.13
0.13
0.13
0.38
0.13
13.5
0.13
0.38
0.13
0.13
0.13

One reason that made the Marc software so attractive was the ability to model
materials that fail at a low tension stress but can still resist compressive loads. This
material model is controlled by the CRACK DATA parameter which requires the tension
failure stress and allows for a tension softening modulus and a crushing strain. Figure 7.2
graphically depicts these material properties. For reference, the softening modulus is
entered as a positive number and can be modeled as a step function by leaving the entry
blank.

Figure 7.2 Low Tension Material Stress-Strain Diagram[53]

Initially the concrete was modeled as shown with the values from Table 7.5 for
the critical cracking stress, compressive yield stress, and the MOE. The tension softening
modulus was left blank resulting in a step in the stress to zero once cracking occurs.
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Referring to the PVB concrete stress-strain diagram from Xu (Figure 5.6), the shape of
the curve is nearly linear and shows very little work hardening or nonlinearity. For this
reason, the crushing strain, which is defined as the plastic strain at failure, was set to the
failure strain of 0.0042 from Xu and a perfect plasticity model was assumed for
compression with the yield value set to the compressive strength of 32.8 MPa.

7.2

Finite Element Model Tuning

Finite element models of the uncoated configurations were created using the
layup definitions described in section 7.1. The following sections describe the
modifications needed to tune the uncoated model to the test data. Once tuned, the
uncoated models serve as the basis for the coated models and the results of all of the
models are compared to the test data.
The addition of the coating for all of the models was identical between the
different materials. For each coating configuration, a coating thickness of 0.762 mm was
used for the coated surfaces. For the top and bottom surfaces, the coating was applied as
two layers following the minimum thickness for accurate stress calculations discussed
previously. When applied as an edge coating, beams were added to the perimeter of the
model with a height equal to the thickness of the plate and with the width equal to 0.762
mm. As an example, the layup for the top and bottom coated lauan is shown in Table 7.7.
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Table 7.7 Example Layup of Top and Bottom Coated Lauan

Layer

Material

Thickness [mm]

1 (Top,
Compression)
2
3
4
5
6
7
8
9
10

8817 Polyurea
8817 Polyurea
Lauan
Lauan
Honeycomb
Honeycomb
Honeycomb
Lauan
Lauan
8817 Polyurea

0.13
0.64
0.13
2.6
0.13
12.7
0.13
2.6
0.13
0.64

11 (Bottom,
Tension)

8817 Polyurea

0.13

One step in the tuning process is to select the moment at which failure is predicted
to occur. As stated in section 7.1, the force was applied incrementally at an initial step
size of 1% of the total load. Unfortunately, the moment at failure normally occurs
between increments and interpolation would be needed to determine the exact moment.
Interpolation adds an extra time consuming step based on the number of analyzed
configurations and the number of failure modes for which the failure moment needs to be
determined. It was decided that since the load was incremented by approximately 1%,
then selecting the failure moment as the closest increment would provide values within
1% of the actual moment and would make extracting the data much simpler. The results
of this simplified process can be seen in the results of the FEM tuning and parametric
studies. In several instances, the predicted moment at failure will be exactly the same
between several different configurations when in reality interpolation between increments
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would produce a small variation (less than 1%) between the configurations. A difference
of 1% or less is well within the accuracy of the analysis based on the materials studied.

7.2.1

Lauan Honeycomb Plates

The lauan was initially modeled as a linear elastic material since no material test
data was available and the applied load was selected to exceed the maximum load from
the four point bending test data. This was done to inspect the stress distribution at
different points along the force build up. The linear elastic nature of the lauan material
model can be seen in the FEM results shown in Figure 7.3. For ease of distinguishing, all
of the lauan panel test data was plotted in blue and the FEM results in red. The results
show a good agreement between the test data and FEM results through the early portion
of the curves for all specimens and still there is a good agreement at higher moment
values to the specimens that exhibit nonlinear behavior at the higher loads. Based on
this, no modifications to the geometry or material properties of the FEM are needed to
tune the model to the test data. Next, inspection of the lauan and honeycomb stresses as
well as the interlaminar shear stresses is needed to determine the predicted FEM failure
point.
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Figure 7.3 Comparison of Lauan Tests and Initial Finite Element Model Results

The finite element analysis was investigated to determine the point at which the
model predicts yielding in the lauan. As stated in Chapter 6, one possibility to the
nonlinear portion of the test data is yielding of the lauan. Figure 7.4 shows the uncoated
test results along with the FEM results truncated at the predicted yield stress (6.89 MPa)
of the lauan. The results show that the FEM results are in close agreement to the test data
when comparing the stiffness, or slope, and that the predicted yielding does compare
favorably with the beginning nonlinear portion of the test results. The results of the
analysis show that the lauan is likely to yield at a moment of approximately 24 kN-mm
when tested in the current configuration. Although the predicted yield point of the lauan
does compare favorably, there is not enough information to determine if yielding
occurred in the face sheet. A second possibility for the nonlinearity is shear failure at the
bond between the honeycomb and the lauan, which was observed as the ultimate failure
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of all of the lauan specimens. The predicted shear strength at the interface will be
examined next.
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Figure 7.4 Uncoated Lauan Test Results with FEM Comparison at Predicted Failure

In order to determine the predicted shear stress failure at the bond for each of the
test specimens, a limit value of moment was selected to extract the interfacial shear stress
at the interface of the lauan and honeycomb. The limit values were selected to
correspond to the beginning of the nonlinear portion of the moment-displacement curves,
as opposed to the peak value. This was done based on the shape of the Uncoated 2
specimen which indicates some type of failure near a moment of 17,500 N-mm, followed
by a rise up to the peak. The desire of this analysis is to predict the onset of failure,
which led to using the values at the beginning of the nonlinear portion. Both the limit
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moment and the corresponding shear stress for the two uncoated specimens are shown in
Table 7.8. The average value for the predicted shear stress at failure is a relatively low,
100 kPa, and occurs at a moment of 21.3 kN-mm, which is lower than the moment at
which the lauan is predicted to yield. With the predicted interface shear allowable and
the face sheet allowable, the uncoated FEM is considered tuned to the test results and the
coated models can be developed in order to predict whether or not the polyurea coating
would be expected to increase the load capacity of the lauan plates.

Table 7.8 FEM Predicited Shear Stress at Honeycomb-Lauan Interface

Specimen
1
2
AVG

Moment at Break
Point [N-mm]
16950
25500
21225

Predicted Shear Stress at
Honeycomb-Lauan
Interface [kPa]
80.0
120.7
100.3

The finite element results are presented as moment-displacement curves in
Figure 7.5 for both the uncoated and coated models. The legend in the figure identifies
the configuration as well as the failure mode, either ‘Shear’ or ‘Normal’. Those
specimens marked as ‘Shear’ fail when the shear stress at the honeycomb-lauan interface
meets the average shear stress of 100.32 kPa as shown in Table 7.8. The other specimens
marked ‘Normal’ are considered to fail when the tensile, or normal, stress in the lauan
reaches 6.89 MPa (Table 4.1). The results show that coating the top or bottom surface
does not increase the load capacity nor alter the stiffness of the composite. This is
evident in the fact that the results of the coated configurations, those without edge
coating, all lay along the uncoated results. The edge coated and encapsulated
configurations, which are collinear in Figure 7.5, do show about a 20% increase in the
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load capacity as well as a 9% increase in the stiffness when compared to the other
configurations.

Figure 7.5 FEM Results for Lauan Uncoated and Coated Configurations

In Table 7.9 below, the results of the FEM are listed as the moment at which
either the lauan yields or the shear capacity of honeycomb-lauan interface is reached.
The smaller value, shown in red, is the applied moment at which the configuration is
deemed to fail. As stated previously, the results show that coating the top and/or bottom
surface does not increase the capacity or stiffness of the panels, although this fact is not
surprising. Comparing the modulus of the coating to the lauan shows that the modulus of
the lauan is approximately 100 times higher than that of the polyurea. Using a classic
mechanics of materials approach for composite beam analysis requires a conversion of
the materials based on the ratio of the moduli. In the case of the lauan plates, converting
the coating to lauan requires dividing the width of the coating by the ratio of the moduli
and this results in an effective width of approximately 1 mm. The resulting area of the
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‘converted’ coating is 0.77 mm2 compared to an area of 273 mm2 for the lauan. It has
been shown that the classic mechanics approach for composite analysis breaks down at
ratios above 20, but the exercise is still valid as an indicator of the load sharing between
the lauan and the polyurea on the top and bottom surfaces [54]. In this case, the area of
the lauan face sheet is so much larger than the coating that the face sheet would
essentially carry the entire load. This is validated by the curves in Figure 7.5 and by the
fact the resulting stress in the coating for the configurations without an edge coating is
less than 100 kPa as predicted by the finite element model. As noted in section 7.2, the
moment at failure was selected at the nearest increment which results in identical failure
moments for several configurations as shown in Table 7.9.

Table 7.9 FEM Predicted Moments at Failure for Lauan Panels

Configuration
Uncoated
Coated Top and
Bottom
Coated Bottom
Coated Edge
Coated
Encapsulated
Coated Top

Moment at Lauan
Failure [N-mm]
24391

Moment at Shear
Failure [N-mm]
21343

24391
24391
25767

21343
21343
27807

25767
24391

27807
21343

In the case of the edge coated and encapsulated configurations, the increase in the
load capacity and stiffness was not expected. This is because a comparison of the
moment of inertia, using the mechanics of materials approach, for the cross section with
and without edge coating does not show any significant difference, much like the
comparison of the areas in the other coated configurations above. However, inspection of
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the stresses in the edge coating shows that the coating develops a much higher shear
stress than normal stress. So the increases in moment capability and stiffness are due to
the low shear stiffness of the plate being reinforced by the edge coating. This is further
confirmed by the fact that the failure mechanism switched from a bond shear failure to a
tensile failure in the lauan. The addition of the coating along the edge increased the shear
capacity at the interface by nearly 30% and reinforced the face sheets by 6% when
compared to all other configurations. This resulted in an overall increase of capacity of
21% when comparing the minimum moments at failure.
Although the FEM predicts an increase when coated along the edge, the amount
of increase (~30%) does not account for the range of the test results that were shown in
Figure 6.1 and Table 6.1. The range of peak moments in the actual test data was shown
to be 23,600 to 65,000 N-mm which is much larger than the FEM predicted increase.
Based on this, it is likely that the large range seem in the test data is the result of
variability on the glue line between the honeycomb and lauan in the form of local
debonds, shallow penetration of the glue into the materials, or similar phenomenon.

7.2.2

Fiberglass Honeycomb Plates

Following the same path as the lauan FEM, the uncoated fiberglass plates were
modeled using linear elastic materials with the same loading as the lauan. The material
and geometric properties follow the supplier delivered properties that were presented in
Table 4.1. The results of the initial FEM are compared to the test data results in Figure
7.6. Unlike the lauan, the initial fiberglass model does not match the test data well when
comparing the slope of the curves.
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Figure 7.6 Comparison of Fiberglass Tests and Initial Finite Element Model Results

Inspection of the geometric properties listed in Table 4.1shows a face sheet
thickness of 0.737 mm for the fiberglass panels. Based on the stated honeycomb
thickness of 13 mm, the given face sheet thickness does not agree with measurements
made on the total panel thickness. Averaging the thickness of the uncoated panels made
over 10 locations on each specimen results in a value of 15.2 mm. Assuming the average
total thickness and the honeycomb thickness are correct, the resulting face sheet thickness
must be 1.12 mm, higher than the supplier data. After determining that the face sheet
thickness did not seem to agree with the supplied data, calipers were used to measure the
fiberglass thickness and those measurements agreed reasonably well with the 1.12 mm
calculation. The model was updated to reflect the face sheet thickness of 1.12 mm and
the results are shown in green in Figure 7.7. The results from the modified FEM are
much improved over the initial FEM results in red, but still appear too soft compared to
the test data.
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Figure 7.7 Fiberglass Results with Initial FEM and First Tuned FEM

In order to further refine the model to better match the test data, three areas of
modification are considered. Those are the honeycomb material and/or geometric
properties, the face sheet thickness, and the face sheet modulus. Based on the agreement
between the initial lauan FEM and the lauan test data, it is assumed that the honeycomb
properties are correct and the focus will be on further fiberglass face sheet modification.
The thickness measurements for the full panel show a maximum value of 15.5 mm across
both uncoated specimens, which results in a face sheet thickness of 1.27 mm given the
honeycomb core thickness of 13 mm. This value was used to update the FEM with the
results shown in Figure 7.8. The results, shown in purple, match the test data well and
are considered to be an acceptable match. Before using the updated thickness as the final
modification, increasing the fiberglass modulus will be explored as a possible alternative.
Through a series of iterations, a modulus of 17900 MPa was found to give results close to
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those of the higher thickness model. These results, also shown in Figure 7.8, are plotted
in light blue.
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Figure 7.8 Fiberglass Test Results Compared to Tuned Finite Element Models

Of the two solutions presented to enhance the match between the FEM and the
test data, increasing the face sheet thickness was deemed the most appropriate. The face
sheet thickness needed to be modified by approximately 13% of the supplied face sheet
thickness and only 1% of the total plate thickness in order to obtain an acceptable match.
In contrast, the modulus of the fiberglass was increased by 30% to obtain essentially the
same results. For these reasons, the FEM was tuned by increasing the face sheet
thickness from 1.12 mm to 1.27 mm. With the uncoated FEM tuned to match the
moment-displacement curve, the next step is to determine the failure mode and load at
failure.
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Comparing the results of the fiberglass FEM and the supplied strength shows
that the stress value in the outer layer is much less than the supplied strength of 181.3
MPa for the modeled load range. The results of the uncoated FEM at the last increment
are shown in Figure 7.9 and it can be seen that the maximum stress is on the order of 48
MPa which is nearly 4 times lower than the allowable. Therefore, the failure mode of the
fiberglass panels is not predicted to occur due to tensile stresses in the face sheet like it
was in the lauan. The two failure modes that were observed during the tests were shear
failure at the honeycomb-fiberglass interface and buckling, or wrinkling, of the face
sheet. These two failure modes will be analyzed next.

Figure 7.9 Finite Element Contour Plot of Outer Layer Tensile Stresses for the Fiberglass Plate

Similar to the lauan analysis, the 2 uncoated specimens will be used to derive the
estimated shear stress at failure. The test results for only the uncoated specimens are
shown in Figure 7.10. The process for determining the shear stress at failure is to
determine the moment at the point along the curves that failure is deemed to have
occurred and then use the FEM to determine the shear stress at the selected moment level.
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Figure 7.10 Uncoated Fiberglass Panels Test Results

In the figure above, the peak moment for each curve was selected to use as the
failure point. The model was then used to determine the shear stress at the honeycombfiberglass interface. The peak moment values, shear stresses, and the average for both
quantities are shown in Table 7.10. Comparing the average shear stress at failure
between the fiberglass and lauan shows that the predicted shear stress at failure in the
fiberglass panels is nearly 80% higher than that in the lauan. It is unclear if the fiberglass
face sheets result in a better bond or if possible yielding of the lauan increases the actual
shear stress at the interface when compared to the linear FEM prediction. Without
appropriate test data for the lauan, it is difficult to use the FEM to verify. It is also
possible that these apparent increases are due to variability between the specimens.
Inspection of the entire set of results for both panels shows that the lauan has a moment
range of approximately 20 kN-mm to 65 kN-mm and the fiberglass has a range of
approximately 30 kN-mm to 70 kN-mm. As stated previously, this could be due to voids
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in the glue line, shallow penetration into the materials, or other similar phenomenon.
Regardless of the differences, the tuning of the fiberglass FEM will proceed with the
values in Table 7.10 since the goal of the FEM is to tune as best as possible and then use
the tuned FEM for the coated models and for the parametric study. With the shear failure
point determined, the failure by wrinkling will now be evaluated.

Table 7.10 FEM Predicited Shear Stress at Honeycomb-Fiberglass Interface

Specimen
1
2
AVG

Moment at Break
Point [N-mm]
40130
28470
34300

Predicted Shear Stress at
Honeycomb-Fiberglass
Interface [kPa]
208.2
150.7
179.4

Wrinkling refers to a local buckle of the face sheet and was observed as a failure
mode during the testing of the fiberglass panels. Wrinkling has been defined as a short
wavelength buckling of the compressive face sheet where the wavelength is greater than
the honeycomb cell diameter [34]. Wrinkling of the face sheet has been the study of
numerous researchers in both experimental and theoretical investigations. Typically,
wrinkling of the face sheet is modeled as the face sheet supported by an elastic
foundation. In the 1960’s, Allen developed an expression for the critical wrinkling
compressive stress as
(7.6)

where the subscript ‘c’ refers to the core and ‘f’ refers to the face sheet and where the
directions align with the description of the FEM is section 7.1 [34][55]. Substituting the
material properties in Table 4.1 and Table 4.3 into Equation 7.6 results in a critical
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wrinkling stress of 71.4 MPa. In a more recent report, researchers reviewed numerous
published works to guide NASA engineers in the design of sandwich composites with
regards to face sheet wrinkling [56]. In their research, both theoretical and experimental
based research was reviewed and assessed, and they provided their recommendation on
the best methods to use in design. In the end, for composites with honeycomb cores, the
researchers recommended the following for the critical compressive stress:
(7.7)

Using equation 7.7 along with the composite material properties yields a
critical wrinkling stress of 107.8 MPa. Unfortunately, both of the critical wrinkling
stresses presented are much higher than the FEM predicted stress in the face sheet even at
the highest applied load. Since wrinkling was actually observed during the tests, it is
likely that imperfections in the bond line lower the critical stress at which wrinkling
occurs. This is reasonable based on the previously noted scatter in the test data and the
fact that a local void in the honeycomb-fiberglass bond would reduce the lateral support
the honeycomb provides to the face sheet. Without any way to assess the impacts of the
imperfections, the lower of the two calculated critical stresses (71.4 MPa from equation
7.6) will be used to assess against the coated models and throughout the parametric study.
Figure 7.11 below shows the final tuned model with predicted failure compared to the
uncoated test data. With the limiting stress for the two failure modes detailed, the
uncoated model is considered tuned and the analysis can proceed with the coated models.

114

4.5

x 10

4

4

Moment [N-mm]

3.5
3
2.5
2
1.5

Uncoated 1
Uncoated 2
FEM Results

1
0.5
0
-5

0

5
10
Displacement [mm]

15

20

Figure 7.11 Uncoated Fiberglass Test Results with FEM Comparison at Predicted Failure

The results of the coated finite element modeling are plotted along with the
uncoated FEM results in Figure 7.12. Like the lauan, the legend identifies the
configuration and the failure method. Unlike the lauan panels, all of the fiberglass
models predict bond shear failure. The figure shows that the configurations without an
edge coating show no change when compared to the uncoated and that the two
configurations with edge coating withstand a higher load and have a higher slope. The
load increase is approximately 28% whereas the stiffness increase is approximately 7%.
Both of these results are similar to the increases seen in the lauan panels.
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Figure 7.12 FEM Results for Fiberglass Uncoated and Coated Configurations

Based on the analysis of the lauan results, the results of the fiberglass models
were expected given that the same large differences in modulus exist between the face
sheet and the polyurea. The main difference in the results between the two panels is that
the fiberglass has a considerably higher yield strength than the lauan and so face sheet
failure is not predicted. As stated previously, face sheet wrinkling was observed during
the testing and the compressive stress in the top fiberglass surface was monitored for all
of the models. The compressive stress at the point of predicted shear failure was less
than 28 MPa and the compressive stress at the highest applied load was approximately 40
MPa across all of the fiberglass models. Both of these values are significantly lower than
the calculated critical wrinkling stress of 71.4 MPa. The findings for the fiberglass
panels follow those of the lauan; that is, the models do not predict the large range seen in
the test data. Additionally, the observed wrinkling failure is not predicted by the FEMs
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either. In both scenarios, the bond between the honeycomb and face sheet is the likely
weak link.

7.2.3

Plywood

The initial plywood model followed the layup definition in section 7.1.2 and used
the average material properties from Table 5.3. The results of the FEM are compared to
the overall test data using a moment-displacement curve, which is shown in Figure 7.13.
The initial FEM results are shown in red and the test data is plotted in blue. The results
show that the slope of the initial FEM is on the high side of the test data when compared
to all of the results. It was decided to adjust the modulus of the wood material lower in
order to fine tune the FEM. The slopes of the uncoated specimens were used to
determine the reduction to apply. The average slope determined at 10 mm was calculated
and it was found that the FEM slope needed to be reduced by 6% in order to match the
average. The two wood moduli were reduced by 6% and the results are also plotted in
the Figure 7.13 in green. The figure shows that the 6% reduction in the moduli only
makes a small change when compared to the initial FEM results in red but, the FEM
better matches the uncoated specimens in the linear region below 15 mm. With the slope
of the FEM results tuned to match the test data, the predicted failure point will be
explored.
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Figure 7.13 Comparison of Plywood Tests and Initial Finite Element Model Results

The notes on failure in Table 6.3 showed that most of the plywood specimens
failed in tension as far as what was visible to the observer. Inspection of the momentdisplacement curves shows that some specimens exhibit compressive failures before
suffering failure due to tension as exhibited by the highly nonlinear nature of the curves.
Based on these two observations, the tensile stress in the layers will be examined to best
determine the likely layer that failed. It will also be assumed that the plywood did not
fail by shear failure of the glue based on the observations of the tests and test results. The
finite element model was used to determine the moment at which the average failure
stress from Table 5.3 was reached for the normal stresses in both parallel to and along the
grain. This results in four moment values, two for compression and two for tension and
the results are shown in Table 7.11. The data in the table shows that the minimum
moment occurs when the compression in the top surface reaches the failure stress of 44.6
MPa at a moment of 108,156 N-mm. The moments at failure for the other plywood
layers are nearly double the moment at failure in compression parallel to the grain with
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the failure moment of the compression perpendicular to the grain higher than the
maximum moment applied to the model.

Table 7.11 Plywood FEM Moments at Predicted Failure

Stress Type

Average Failure Stress
from Table 5.3 [MPa]

FEM Moment at
Failure Stress [N-mm]

Compression Parallel
to Grain

44.6

108156

Compression
Perpendicular to Grain
Tension Parallel to
Grain

4.3

>231845

85.7

205183

Tension Perpendicular
to Grain

2.6

208660

The moment at failure can now be used to compare to the uncoated test results
and this is shown in Figure 7.14, where the FEM results are plotted up to the minimum
failure moment of 108,156 N-mm as shown in the table above. The FEM results
compare reasonably well with the test data but the failure point from the FEM is below
the peak moment of each of the specimens. Since average properties were used to select
the failure point in the FEM, it was decided to increase the failure stress in compression
parallel to the grain to match the average peak value of the two uncoated specimens. It is
reasonable to adjust only the compressive value parallel to the grain since the moment at
failure for the other failure modes in Table 7.11 are all nearly twice the compression
parallel to the grain. The increases to the parallel to the grain compression value will be
relatively small and this failure mode will remain the minimum. In order to determine
the updated failure stress, the average of the peak moment for the two specimens was
found and then the stress at this moment was determined using the FEM results. This
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results in an increase of the failure stress from 44.6 MPa to 50.4 MPa and an increase in
moment at failure from 108,156N-mm to 122,878 N-mm. These updated values
represent approximately a 13% increase for both the failure stress and the moment at
failure. With the stiffness and the failure modes determined, the model is considered
tuned and the analysis will proceed with the coated models.
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Figure 7.14 Uncoated Plywood Results with FEM Results at Predicted Failure Before Updating

The results of the tuned uncoated FEM and the results of the coated models are
shown in Figure 7.15. The figure shows that all of the curves are essentially collinear
which indicate that the coating is not predicted to enhance the plywood. This result,
which is similar to the honeycomb panels, is not surprising since the stiffness of the
plywood is once again much higher than the coating. All models predict that the plate
will fail in compression parallel to the grain at a moment of 122,878 N-mm, which as
previously stated, was selected at the nearest load increment in the model. The stress in
the coating was determined to be at or below 600 kPa across all models. The low
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coating stress confirms that there is only a small amount of stress transfer from the wood
to the polyurea. Additionally, results of the finite element modeling do not indicate a
reduced capacity when only coating the top compressive surface like the test data
showed.
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Figure 7.15 FEM Results for Plywood Uncoated and Coated Configurations

Based on the findings of the finite element modeling only, using polyurea to
reinforce plywood would not be recommended. However, the test data suggests
otherwise. In all specimens, coating the bottom surface, either alone or in combination
with other surfaces, increased the capacity of the plywood. The increase was on average
70% higher than the uncoated configuration. Given the low number of tested specimens,
it is possible that the perceived increases are due to variations in the wood strength.
However, unlike the honeycomb panels, the coated panels with polyurea on the bottom
surface were always higher than the uncoated. The test data for the honeycomb panels
did not show any preference to coating surface, nor was the coated always higher than the
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uncoated like it is in the plywood. If variations in the wood strength were the reason for
the scatter in the data, then it would be expected that the results would be more random
with respect to placement of the coating. Regarding variations in plywood mechanical
properties, it also stands to reason that the strength within a sheet would have less
variance than the published wood properties listed in Table 5.3. As stated in Chapter 5,
the plywood was purchased in precut sheets, with two sheets needed to produce all 12
specimens due to the saw kerf. So some variation is expected since two sheets were
needed although it is plausible that the two precut sheets came from the same larger
sheet.
As stated in section 6.1.3, it is speculated that the polyurea increases the fracture
toughness of the plywood by acting as a crack arrestor. Researchers have found that the
adhesive in plywood increases the fracture toughness of the composite by 5-7 times when
compared to the solid sawn lumber of the same wood species [57]. This concept of
polyurea acting in a similar manner could be tested using a fracture toughness test like
the Charpy impact test. Although the mechanism for the increase in capacity is not fully
understood, the conclusion drawn from the test data is that polyurea can be used to
structurally enhance plywood when applied to the tension surface. In the case of reverse
bending loading, the recommendation is to coat both the top and bottom surfaces. Future
research is still needed to fully understand how the polyurea is reinforcing the plate and if
coating only the compressive surface would actually reduce the capacity of the plate.
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7.2.4

Cementitious Plates

The initial model for the cementitious plates followed the material properties of
Table 7.5 and Chapter 3 along with the layup definition shown in Table 7.6. The model
incorporated the nonlinear behavior of the polyurea via the stress-strain definition in
Chapter 3 and of the concrete via the low tension material capability in Marc. The
carbon fiber reinforcement was modeled as a linear elastic material. The results of the
FEM are compared to the test data in Figure 7.16. The results show that the FEM results
do not agree well with the test data. First, the FEM results are stiffer than the test data
below 50,000 N-mm. Second, all of the test data curves show a change in slope near
40,000 N-mm that is not present in the FEM results. Inspection of the FEM shows that
the concrete is predicted to crack at approximately 35,000 N-mm which corresponds well
to the slope change in the test data. This indicates that more layers are needed in the
concrete in order to capture the correct stress distribution based on the minimum layer
thickness previously discussed. The FEM also shows that the reinforcement stress at this
moment is approximately 47 MPa in both the top and bottom reinforcement. This is
much lower than the equivalent failure stress of 815 MPa calculated in section 7.1.3.
After seeing the large difference in stiffness and the stress distribution in the top and
bottom reinforcement, it was speculated that the top reinforcement layer is actually much
less stiff in compression that it is in tension. In practice, reinforcement of cementitious
plates loaded in flexure has been achieved by applying fiber to the tension side much like
adding rebar on the tension side of concrete beams [58][59]. This makes sense given that
the reinforcement is a fabric, which nominally has no stiffness in compression, and so the
total stiffness in compression of the bonded fabric should be governed by the polyurea.
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A new model was then created with additional cementitious layers and with the
reinforcement removed from the compressive surface.
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Figure 7.16 Comparison of Cementitious Tests and Initial Finite Element Model Results

The layup definition for the modified FEM is shown in Table 7.12. The number of
layers for the concrete was increased from 3 to 10 and as stated the top reinforcement layer
was removed. The top polyurea layer was kept since it will not have much impact due to its
low modulus compared to the concrete.
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Table 7.12 Layup Definition for Modified Cementitious Plate

Layer
1 (Top, Compression)
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16 (Bottom, Tension)

Material
9041 Polyurea
9041 Polyurea
Concrete
Concrete
Concrete
Concrete
Concrete
Concrete
Concrete
Concrete
Concrete
Concrete
9041 Polyurea
9041 Polyurea
Fiber
Fiber

Thickness [mm]
0.13
0.38
0.13
12.6
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.38
0.13
0.13
0.13

The results of the modifications to the FEM are shown along with the initial FEM and
the test results in Figure 7.17. The modified FEM that corresponds to the table above is
shown in green and the original FEM is shown in red. The results show the changes made a
significant impact on the slope but the FEM results are still stiff compared to the test data.
Additionally, the modifications resulted in a slope change near 40,000 N-mm, which is seen
in the test data as well. Unfortunately, the slope change in the modified FEM is smaller than
that of the test data. Further modifications will be explored to better tune the FEM to the test
results.
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Figure 7.17 Comparison of Cementitious Tests and Modified Finite Element Model Results

Multiple scenarios were investigated in order to obtain an acceptable match
between the test data and the FEM. The first set of modifications centered on the number
of layers and the minimum layer thickness within the concrete. Table 7.13 below
summarizes the scenarios investigated first.

Table 7.13 Description of FEM Modifications for Cementitious Plates Tuning

Nomenclature

FEM Mod 2

FEM Mod 3

FEM Mod 4

Description of Modification
Concrete still divided into 10 layers like FEM Mod 1. The top and
bottom layers of the concrete are 0.13 mm thick, 7 layers are 1.3
mm thick, and the last is 4.6 mm thick. No upper reinforcement
layer.
Concrete divided into 108 layers such that every layer is the
desired minimum thickness of 0.13 mm. No upper reinforcement
layer.
Concrete divided into 18 layers. The 4 top and 4 bottom layers are
0.13 mm and the remaining are 1.3 mm. No upper reinforcement
layer.
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The results of the modified models are shown in Figure 7.18 and a detailed view
near the point at which the concrete begins to crack is shown in Figure 7.19. The results
show that modifications 2 thru 4 all are nearly identical up to approximately 25 mm of
displacement and all match the test data better than FEM Mod 1. The difference between
modifications 2 thru 4 is the number of layers and layer thickness. FEM Mod 3 is
theoretically the best possible solution based on layer thickness since all of the layers
within the concrete meet the ideal thickness of 0.13 mm as developed in section 7.1. As
described in the table above, this required 108 layers within the concrete, which
significantly increased the run time. To address this, FEM Mod 4 was developed to
provide a compromise between accuracy and run time, but comparing the results of FEM
Mod 3 and 4 shows very little difference in the response. Of the scenarios tested to this
point, FEM Mod 4 does the best job of matching the test data without the penalty of a
long run time. Overall though, the FEM results still have a higher slope during both the
initial ramp and the subsequent ramp after concrete cracking. In addition, the detail view
(Figure 7.19) shows the FEM results break over at the cracking point (3 – 4 mm) in a
sharp manner whereas the test data shows a more gradual slope change. Both of these
areas will be investigated next for possible improvement.
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Figure 7.18 FEM Modification Results for Cementitious Plates

Figure 7.19 Detailed View of FEM Modifications Results for Cementitious Plates

The next set of modifications focused on changes to material properties including
tension softening and modulus change as well as reducing the overall thickness. As a
starting point, these additional modifications all use FEM Mod 4 from the discussion
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above. A summary of the second set of modifications is shown in Table 7.14. The first
step was to add a softening modulus to the concrete. This is a feature of the low tension
material available in Marc that was described in section 7.1 and Figure 7.2. Through a
series of trial and error, including the tension softening was found to smooth the
transition between the two distinct slopes of the FEM results in Figure 7.19 and the best
value for the softening modulus was found to be the same as the elastic modulus. The
tension softening was included in FEM Mod 5.

Table 7.14 Additional FEM Modifications for Cementitious Plates Based on FEM Mod 4

Nomenclature

Description of Modification

FEM Mod 5

Adding tension softening to concrete cracking model. Softening
modulus equal to elastic modulus (6.96 GPa)

FEM Mod 6
FEM Mod 7

FEM Mod 5 with a 10% reduction in concrete modulus (elastic
and softening)
FEM Mod 5 with a 10% reduction in the fiber modulus

FEM Mod 8

FEM Mod 5 with a reduction of the concrete thickness by 1.3
mm (from 13.7 mm to 12.4 mm)

The results for Mod 5 and the remaining modifications are shown in Figure 7.20a
and the detailed view showing the transition in Figure 7.20b. The uncoated test results
and the results from FEM Mod 4 from the previous trials are also included for reference.
It is clear the transition is more gradual in the FEM results when including the softening
modulus by comparing the black curve (without) to the magenta curve (with). Without
the softening affects, the concrete layers in the model instantaneously loose the load
carrying capability once the cracking stress is reached. With the softening modulus
included, the stress in the cracked layer is ramped to zero more gradually providing the
more gradual transition in the figures. The remaining modifications, using FEM Mod 5
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as the base, varied the modulus and thickness of materials to find the best match to the
test data. FEM Mod 6 and 7 reduced the elastic modulus of the concrete and fiber
respectively by 10%. The figures show that the 10% change resulted in relatively small
change to the results. In the first portion of the curve, the reduction of the concrete had a
larger effect than the fiber and after the concrete cracks, the fiber modulus has the largest
impact. Overall, both of these trials are still stiff compared to the test data. The last trial
was to reduce the thickness of the concrete by approximately 10% by removing 1 of the
1.3 mm layers. The thickness of the original FEM was selected based on the average of
all thickness measurements on the 2 uncoated specimens and reducing the FEM by 1.3
mm aligns it with the minimum thickness across both uncoated specimens. Of the
options studied, reducing the fiber modulus by 10% (FEM Mod 7) will be used. This
optioned was selected for a few reasons. First, the material properties were given by the
manufacturer and not actually tested like the concrete and polyurea. Second, even though
a 10% change in the modulus of the concrete is certainly plausible, the change in
modulus did not have much impact after cracking occurred. Lastly, modifying the
modulus was preferred over reducing the thickness since the needed reduction in
thickness was larger than the measurements warranted.

130

2.5

x 10

5

Test Data
FEM Mod 4
FEM Mod 5
FEM Mod 6
FEM Mod 7
FEM Mod 8

Moment [N-mm]

2

1.5

1

0.5

0

-0.5
-5

0

5

10

15
20
25
Displacement [mm]

30

35

40

45

(a)

(b)

Figure 7.20 Results of Additional FEM Modifcations (a) and Detailed View of Transition (b)

With the layup and material properties determined, the stress results need to be
inspected to determine the failure mode and stress level at failure. Unfortunately, this
task is not trivial due to the lack of data for the composite constituents and the possible
failure modes. All of the plates, except Uncoated 1, failed in tension where the fabric and
concrete fractured within the constant moment section of the span. The most straight
forward failure mechanics to predict in the FEM is tensile failure of the fabric or the 9041
polyurea used to bond the fabric. This assumes that the smeared fabric properties
calculated in section 7.1.3 are valid, which without testing just the fabric cannot be
validated. Inspection of the stress distribution in FEM Mod 7 shows a fiber stress of 664
MPa and a polyurea stress of 1144 kPa at the full load in the FEM. Both of these values
are much less than their respective failure stresses and so the FEM does not predict
failure by means of fabric failure or polyurea failure.
Since the plates show tension failure and the failure does not appear to occur in
the fabric or polyurea, then a possible related failure mode is by means of crack
propagation in the concrete. From Fracture Mechanics, a crack will propagate in a
material when the energy release rate or the stress intensity around the crack overcomes
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the material’s resistance to fracture [60]. The basis of finite element modeling is that the
material is treated as a continuum free of voids and cracks and the subsequent material
properties are for the continuum as well. This works well for metals where most cracks
are very small which leads to small variations in the tensile strength across many
specimens. Concrete on the other hand inherently contains voids and cracks that can
propagate which leads to large variations in the tensile strength when multiple specimens
are tested. Therefore, ultimate failure by crack propagation in the concrete cannot be
determined with a continuum model like the present based on the section stress.
Additionally, the tensile stress cannot be used since the low tension material ramps the
stress in the concrete to zero along the softening modulus, making the stress in the
concrete zero shortly after the transition in the FEM results.
One possible alternative for the concrete is the strain in the tension region as a
metric to predict failure. The strain, which exceeds the measured failure strain reported
in Chapter 5, continues to grow as the load increases in order to satisfy strain
compatibility. So if the failure mode is by crack propagation in the concrete, it will be
predicated in the FEM at a strain level higher than the measured failure strain shown in
Figure 5.5. This makes predicting the strain level at failure difficult since no test data is
available. Keep in mind that the purpose of the tuning is to get the best match between
the uncoated FEM and uncoated test data and then use the FEM to study the impacts of
applying a coating. To that end, the strain in the concrete on the tension side will be
inspected along with the fabric and polyurea stress to determine if adding the coating has
any appreciable impacts.
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In addition to the tension failures stated above, another possible failure mode is
concrete compression failure. The compressive strength of the concrete was recorded by
the UAHuntsville research team but unfortunately the cylinders were not instrumented
with strain gages to obtain the stress-strain diagram. This data was recorded in Xu’s
research, but for a mix that was different from the current. His data shows a small
amount of nonlinear behavior just prior to failure, but since only the ultimate strength is
available for the present mix, then selecting a yield strength and work hardening slope is
not possible. So the FEM was developed using the default plasticity model of perfect
plasticity for the concrete with the ultimate strength used as the yield stress. Inspection
of the FEM results show the concrete reaches the failure stress at a moment of 113,000
N-mm and a displacement of 16.9 mm. Both of these values are considerably lower than
the test data values. Given this, a possible alternative indicator is the plastic strain in the
concrete. Like the tensile strain, the value use to indicate failure is not known and so the
plastic strain will also be monitored for changes once the polyurea is applied.
In summary, the set of indicators to inspect using the FEM are the fiber stress,
polyurea stress, concrete tensile strain, and concrete compressive plastic strain. In order
to set the baseline levels for each indicator, a point along the FEM load history will be
selected. Inspection of the test results shows that all but two of the specimens failed at a
displacement higher than 25.4 mm. The average failure displacement of these specimens,
with the exception of Uncoated 1 which experienced a debond, was 27.1 mm. The latter
was used as the failure point at which to determine the baseline values for the failure
indicators.
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In order to make the extraction of the data easier, the nearest load increment will
be used to determine the indicators. The displacement value at the nearest increment to
the average failure displacement occurs at a displacement which is within 1% of the
average. This displacement corresponds to a moment of 169.5 N-m in the FEM and the
values of the indicators at this moment – displacement combination are shown in Table
7.15. With the model tuned and the baseline values for the failure indicators determined,
the analysis can proceed with the coated models.

Table 7.15 Failure Indicators for Tuned Cementitious FEM

Indicator
Fiber Stress [MPa]
9041 Polyurea Stress [kPa]

Value
537.9
931.5

Concrete Tensile Strain
[mm/mm]

0.011

Concrete Compressive Plastic
Strain [mm/mm]

-0.003

The coated finite element models were analyzed and the moments at which the
indicators from Table 7.15 were reached were determined. The moment values for the
uncoated are compared to the coated moment values in Table 7.16 with the minimum
value for each configuration shown in red. Like the values for the uncoated indicator, the
moments for the coated models are selected at the nearest increment in the FEM loading.
The results show that the polyurea coating increases the capacity of the plate in all
coating configurations but the largest increase is less than 3%, with the maximum
increase pertaining to the encapsulated configuration and the edge coated configuration
the second highest. These findings are consistent, although with less significance, with
the normalized test results shown in Table 6.6 in which the edge coated and encapsulated
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test results showed the highest capacity when normalized to account for the thickness of
the specimen. The low increases predicted by the models are similar to the results from
the honeycomb and plywood models in which the stress transfer to the coating was low
due to the low relative stiffness of the polyurea. In all cases, the coating stress ranges
from 1100 to 2000 kPa which is well below the yield point of the 8817 polyurea. Also
like the plywood, the FEM results do not indicate a reduced capacity when coating the
compressive surface like the test data implies. Future work is needed to fully determine
if coating the compressive surface actually reduces the capacity of the plate and the
mechanism in which that occurs if proven to be true.

Table 7.16 Coated FEM Results for Cementitious Plates

Moment at Noted Failure Indicator Value from Table 7.15 [N-mm]
Concrete
9041 Polyurea
Concrete
Compressive
Model
Fiber Stress
Stress
Tensile Strain
Plastic Strain
Uncoated
169508
169508
169508
169508
Coated Top
170691
170691
170691
171585
Coated Bottom
171708
171708
171708
170833
Coated Both
172033
172033
172033
172033
Coated Edge
172338
172338
172338
170589
Coated Encapsulated
173985
173985
173985
172236

The results of the coated cementitious models would not lead to a
recommendation for applying a coating in order to structurally enhance the plates due to
the small predicted increases when compared to the coated model. This conclusion is not
surprising based on the findings of the other coated materials, but like the plywood, the
actual tests results do indicate that applying a coating can increase the moment carrying
capability. The normalized test results shown in Table 6.6 reveal that coating along the
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exposed edge is the preferred surface as indicated by the results for the edge coated only
and the fully encapsulated configurations. This is likely due to the coating acting to
prevent cracks from propagating at low stress levels. This is partially confirmed by the
work of UAHuntsville researchers where the capacity of unreinforced cementitious plates
was increased by nearly 70% when coated with the 8817 polyurea [42]. As stated in
Chapter 6, additional research is needed to verify the theory that the polyurea acts to
increase the fracture toughness of the concrete. Additionally, the use of polyurea to bond
the reinforcement may increase the plate capacity when compared to a plate with epoxy
used as the bonding agent for the reinforcement if the polyurea prevents cracks from
propagating.

7.3

Finite Element Model Parametric Study

The goal of the parametric study is to investigate the impacts of changes to the
material and geometric properties of the composites in order to aid in the selection of
polyurea formulations and coating configurations for given materials and layup
configurations. As mentioned in Chapter 3, manufacturers of polyurea have been able to
adjust the chemistry of the polyurea to achieve a wide range of material properties. Finite
element modeling gives the ability to study different polyurea formulations as well as
coating thickness and preferred coating locations without the time and cost associated
with testing. The adjusted parameters will be selected based on the findings of the tuned
uncoated model and the subsequent initial coating models that were described in section
7.2.
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7.3.1

Lauan Honeycomb Plates

The results from the FEM tuning predicted that the 0.76 mm coating on the top
and/or bottom surfaces did not increase the load capacity of the lauan panels, but the
same coating applied along the edge increased the capacity of the plate by ~30%. These
results helped direct the parametric study for the lauan panels. The scenarios studied in
the parametric study are shown in Table 7.17 and a detailed discussion and results of each
variation follows the table.

Table 7.17 Parameter Variations for Lauan Honeycomb Panels

Parameter Variation

Coating
Configuration

10X coating thickness (7.6 mm) and
10X polyurea modulus (1.06 GPa)

Top, Bottom

10X coating thickness (7.6 mm) and
10X polyurea modulus (1.1 GPa)

Both top and bottom

Coating thickness of 2.5 mm

Edge

10X polyurea modulus (1.1 GPa)

Edge

Coating thickness of 2.5 mm

Encapsulated

The findings from the initial modeling of the lauan panels showed that the
combination of coating thickness and coating modulus prevented the polyurea from
making any appreciable increases to the capacity or stiffness when the specimens were
coated on the top and/or bottom. With the modulus of the lauan more than 100 times
higher than the coating, a combination of coating thickness and modulus that increases
the tensile stiffness, i.e. the area times the modulus, by a factor of 100 was used as a
starting point in the parametric study. For the initial variation, a coating thickness of 7.6
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mm and a modulus of 1.1 GPa was used, neither of which is realistic. Using a coating
nearly 3 times the face sheet thickness will not be cost effective and to date no
commercially available polyurea has been found that has a modulus this large.
Nevertheless, this exercise will show whether or not these changes would even be
expected to significantly enhance the lauan panels.
The remaining variations were concerned with the edge coated and encapsulated
configurations. Recall that the edge coating was predicted to increase the shear capacity
by 30% and the tensile capacity of the lauan by 6% which resulted in an overall increase
of 21% based on the failure mechanism switching from shear to lauan tensile failure.
Based on these results, thickness and modulus variations of the edge coated and
encapsulated configurations were selected in order to determine their effects. So for the
first edge coating variation, the thickness was increased to determine the impact. A more
realistic thickness value, compared to the top and/or bottom coated variation, of 2.5 mm
was selected. The second edge coated model for the parametric study used a modulus 10
times the original with the original thickness of 0.76 mm analogous to the top and bottom
coated models. Lastly, for the encapsulated model variation, the thickness on all surfaces
was selected to be 2.5 mm with the original polyurea modulus. Based on the results,
which will be presented next, no additional models were warranted.
Similar to the summary of results for the initial coating models, the results of the
parametric study are presented in tabular form with both the limiting moment for lauan
yielding and for interface shear failure. The results are presented in Table 7.18 with the
values in red denoting the minimum moment at failure. The first two entries are the
results from the FEM tuning and are provided for reference in order to compare to the
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parametric study results. Recall that for the initial models with the test derived modulus
and a thickness of 0.76 mm, the top and/or bottom coated results were the same as the
uncoated results and that both the edge coated and encapsulated results were equal.
Based on this, only the uncoated and edge coated results from those initial models are
needed in Table 7.18.

Table 7.18 Summary of Results for Lauan Parametric Study

Variation

Variation
Configuration

Moment at
Lauan Failure
[N-mm]

Moment at Shear
Failure [N-mm]

Uncoated (ref)

NA

24391

21343

Edge Coated (ref)
10X coating thickness
(7.6 mm) and 10X
polyurea modulus
(1.1 GPa)
10X coating thickness
(7.6 mm) and 10X
polyurea modulus
(1.1 GPa)
Coating thickness of
2.5 mm
10X polyurea
modulus (1.1 GPa)
Coating thickness of
2.5 mm

NA

25767

27807

Top, Bottom

28451

24065

Both top and
bottom

43331

26099

Edge

25767

32519

Edge

25767

45433

Encapsulated

25767

32519

The results show that for the 10X coating thickness and 10X polyurea modulus
variation on the top or bottom surface that the FEM predicts a modest increase of 16%
and 12% for the lauan yield and shear failure respectively compared to the uncoated
results. Since the failure remains as an interface shear failure, then the overall increase is
12% compared to the uncoated. As stated previously, neither the 10X thickness nor the
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10X modulus are realistic and, given the fact that this combination only increases the
capacity by 12%, then it is not recommended that the lauan panels be coated on only the
top and/or bottom surfaces for the purpose of structural enhancement. As far as coating
along the edge, the coating does increase the shear capacity of the panels but does very
little to enhance the overall strength of the panel due to the failure of the face sheet.
Based on this, coating along the edge for the sole purpose of structural enhancement is
not advised. In addition to the recommendation against coating the lauan honeycomb
panels, the results from the parametric study also further confirm that the coating is not
responsible for the large variance in the test results for the lauan panels.

7.3.2

Fiberglass Honeycomb Plates

The results from the tuning of the fiberglass panel FEM showed that the polyurea
coating did not significantly enhance the panels. These results were much like the results
of the lauan panels. Based on this, the parametric variations for the fiberglass panels will
initially follow the same variations as the lauan. The results of the initial parametric
study will be used as a guide for further variations if deemed necessary. The initial
variations that were used for the lauan panels are repeated in Table 7.19.
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Table 7.19 Parameter Variations for Fiberglass Honeycomb Panels

Parameter Variation

Coating
Configuration

10X coating thickness (7.6 mm) and
10X polyurea modulus (1.1 GPa)

Top, Bottom

10X coating thickness (7.6 mm) and
10X polyurea modulus (1.1 GPa)

Both top and bottom

Coating thickness of 2.5 mm

Edge

10X polyurea modulus (1.1 GPa)

Edge

Coating thickness of 2.5 mm

Encapsulated

The results of the initial set of varied models are shown in Table 7.20. As in the
table of results for the lauan parametric study, a set of reference values are listed for easy
comparison to the results of the initial tuned models. The uncoated results matched the
models with no coating on the edges, and the edge coated and encapsulated models were
only slightly different and so only the uncoated and edge coated reference models are
listed in the table. Since compressive stress in the fiberglass was well below the
predicted wrinkling stress, then only the moment at failure is presented in the Table 7.20
along with the failure type. For all but one model, the predicted failure is shear stress at
the honeycomb – fiberglass interface. The one exception is the high modulus case coated
along the edge, which the failure was found to be polyurea yielding. Yielding of the
polyurea was selected as the failure in spite of its ability to elongate well after the yield
stress was reached. This was done since the behavior of the polyurea with a modulus 10
times the tested modulus is not known. The results show that, much like the lauan, the
extreme variations predict increases in the strength of the panels, but not enough to
account for the range seen in the actual test data. For a coating on the top, bottom, or
both, the maximum increase in the moment at failure was approximately 30% when
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comparing the coated on top and bottom to the uncoated configuration. Likewise,
comparing the edge coated reference value to the thicker edge coat and encapsulated
results shows an increase nearly 20%. Finally, the case where yielding of the polyurea
occurred, the results show a 28% increase in the capacity when compared to the initial
edge coated model.

Table 7.20 Summary of Results for Fiberglass Parametric Study

Variation

Variation Configuration

Moment at
Failure [N-mm]

Uncoated (ref)

NA

34573

Edge Coated (ref)
10X coating
thickness (7.6 mm)
and 10X polyurea
modulus (1.1 GPa)
10X coating
thickness (7.6 mm)
and 10X polyurea
modulus (1.1 GPa)
Coating thickness of
2.5 mm

NA

44741

Failure
Description
Shear in
bond
Shear in
bond

Top, Bottom

40674

Shear in
bond

Both top and bottom

44741

Edge

52809

10X polyurea
modulus (1.1 GPa)
Coating thickness of
2.5 mm

Edge

57079

Encapsulated

54232

Shear in
bond
Shear in
bond
Polyurea
Yield
Shear in
bond

The conclusion from the parametric study of the fiberglass panels is the same as
the lauan. That is, the results of these models with extreme variations do show possible
increases in the capacity, but not enough to envelope the variance in the test data. The
large scatter in the test data is attributed to weakness in the glue line at the honeycomb –
fiberglass interface. Applying a coating to this type of material is not recommended
since the coating is unable to reinforce the weak point of the panel.
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7.3.3

Plywood

The parametric study for the plywood plates will be initially conducted using the
lauan and fiberglass variations. The results of the initial models with coatings did not
show any significant increase in the capacity of the plate over the uncoated configuration.
Like the lauan and fiberglass plates, the stress transfer between the plywood and the
polyurea was low due to the relatively low polyurea modulus. The initial parameter
variations for the plywood are shown in Table 7.21.

Table 7.21 Parameter Variations for Plywood Plates

Parameter Variation

Coating
Configuration

10X coating thickness (7.6 mm) and
10X polyurea modulus (1.1 GPa)

Top, Bottom

10X coating thickness (7.6 mm) and
10X polyurea modulus (1.1 GPa)

Both top and bottom

Coating thickness of 2.5 mm

Edge

10X polyurea modulus (1.1 GPa)

Edge

Coating thickness of 2.5 mm

Encapsulated

The results from the initial set of parametric models are shown in Table 7.22.
Only the uncoated results are included for reference since there was little difference
between the tuned uncoated and coated models. The results include the predicted
moment at failure and a description of the failure mode. First, the results show that the
plates are insensitive to the variations of the edge coating. Unlike the honeycomb panels,
varying the thickness or modulus of the coating along the edge did not affect the capacity
of the plywood. The difference between the two plates is the relatively low shear
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stiffness in the honeycomb when compared to the plywood. Next, the results show that
increasing the thickness and modulus on the top and bottom surfaces can have an impact
on the capacity. Coating both surfaces with a polyurea with 10 times the modulus of the
8817 at a thickness of 7.6 mm results in a 100% increase in the capacity of the plate.
Smaller increases can be achieved by coating only the top or bottom surfaces with a
higher modulus and thicker coating. It is interesting that coating the top increases the
capacity of the plate more so than coating the bottom. This is due to the stress transfer
from the compressive plywood layer to the coating. The assumed strength of the upper
compressive surface in less than the lower tensile surface and so coating the compressive
surface is more beneficial due to the stress transfer from the wood to the coating. This
result is in contrast to the test data which indicates that coating the top surface may
actually reduce the capacity of the plate. Additional testing and modeling would be
needed to ultimately determine if coating the compressive surface was detrimental to the
plate. This work will be left as future research.
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Table 7.22 Summary of Results for Plywood Parametric Study

Variation

Moment
at Failure
[N-mm]

Failure
Description

NA

122878

Compression
Parallel to Grain

Top

189139

Compression
Parallel to Grain

Variation
Configuration

Uncoated (ref)
10X coating
thickness (7.6 mm)
and 10X polyurea
modulus (1.1 GPa)
10X coating
thickness (7.6 mm)
and 10X polyurea
modulus (1.1 GPa)
10X coating
thickness (7.6 mm)
and 10X polyurea
modulus (1.1 GPa)

Bottom

136742

Compression
Parallel to Grain

Both top and
bottom

246820

Compression
Parallel to Grain

Coating thickness of
2.5 mm

Edge

122878

Compression
Parallel to Grain

10X polyurea
modulus (1.1 GPa)

Edge

122878

Compression
Parallel to Grain

Coating thickness of
2.5 mm

Encapsulated

125729

Compression
Parallel to Grain

As with the honeycomb parametric study, the combination of modulus and
coating thickness is not practicable from an availability or cost basis. The maximum
increase of 100% taken by itself is significant but is less impressive when considering the
unit stiffness of the variation (i.e., area times modulus) was increased nearly 10,000% to
achieve the 100% increase in capacity. If the conclusion of the parametric study was
made without knowledge of the test data, then the recommendation would be not to coat
plywood for structural enhancement. The test data, though, shows that the coating is
capable of increasing the strength of the plywood. Future research should be conducted
to fully validate the findings of improved performance.

145

7.3.4

Cementitious Plates

The parametric study for the cementitious plates was conducted in a similar
manner to the study for the other materials. The variations include increasing the
modulus of the coating and increasing the thickness of the coating with one difference
between the cementitious study and the others. Since the coating during the tests was
already 3 times thicker than the fiber reinforcement, it was decided to only vary the
modulus for the top coated, bottom coated, and the both top and bottom coated
configurations. A summary of the variations is shown in Table 7.23.

Table 7.23 Parameter Variations for Cementitious Plates

Parameter Variation
10X polyurea modulus (1.1 GPa)

Coating
Configuration
Top, Bottom

10X polyurea modulus (1.1 GPa)
Coating thickness of 2.5 mm

Both top and
bottom
Edge

10X polyurea modulus (1.1 GPa)
Coating thickness of 2.5 mm

Edge
Encapsulated

Like the results for the tuned coated plates, the results of the parametric study are
presented in Table 7.24 as the moment at which the selected indicator value is reached.
The minimum moment for each variation is shown in red.
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Table 7.24 Summary of Results for the Cementitious Parametric Study

Moment at Noted Indicator Value from Table 7.15 [N-mm]

Variation
Uncoated
(ref)
10X polyurea
modulus (1.1
GPa)
10X polyurea
modulus (1.1
GPa)
10X polyurea
modulus (1.1
GPa)
Coating
thickness of
2.5 mm
10X polyurea
modulus (1.1
GPa)
Coating
thickness of
2.5 mm

Variation
Configuration

Fiber
Stress

9041
Polyurea
Stress

Concrete
Tensile
Strain

Concrete
Compressive
Plastic Strain

-

169508

169508

169508

169508

Top

174880

174880

173884

178622

Bottom

181591

182466

181591

173640

Both Top and
Bottom

181591

182466

181591

173640

Edge

171992

171992

171992

171097

Edge

171199

171199

172094

171199

Encapsulated

178907

178907

178907

176202

Comparing the results of the parametric study to the tuned results in Table 7.16
shows the maximum increase in moment is higher than the tuned and that the concrete
compressive plastic strain primarily results in the minimum moment for both. The
maximum increase across all the results is approximately 8% for the parametric study
compared to approximately 3% for the tuned coated models. Like the other parametric
studies, the results show a small increase in the capacity of the plate for large changes in
the polyurea properties due to the low stress transfer from the plate into the coating. This
says applying a coating for structural enhancement would not be recommended based on
the cost associated with the small increase in capacity. These findings are in contrast to
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the test data which suggested that coating along the edge can increase the capacity of the
plate, possibly by acting as a crack arrestor. Finally, like the tuned coated models, there
is no indication that applying a coating along the upper compressive surface should result
in premature failure like the test data shows. This is an area for future research to
determine if a reduced capacity occurs from the top coating and if so, the mechanism for
which this occurs.
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CHAPTER 8

STRUCTURAL ENHANCEMENT OF WOOD JOINTS:
PHASE I STRUCTURAL TESTS

A roof rafter-to-top plate joint was tested to determine if a polyurea coating could
be used to strengthen the joint against uplift forces. This chapter details the first phase of
structural testing used to assess this theory. Joints were fabricated to include a partial
rafter, top plate, and wall stud. A series of tests were conducted on uncoated specimens
with and without hurricane ties and coated specimens with and without hurricane ties.
The results of these tests were used to direct Phase II testing.

8.1

Testing Methodology

A licensed carpenter was contracted to make several model rafter-to-top plate
joints from Southern Pine. As illustrated in the photo shown in Figure 8.1, a vertical 2x4
stud was nailed to the bottom of a doubled top plate using two, 16d x 89 mm nails. Then,
a 2x8 rafter having a bird’s mouth was toe nailed to the top plate using four, 12d x 83 mm
long nails. For reference purposes, the bird mouth connection exceeded the fastener
schedule included in the 2009 IBC, which calls for using two 16d x 89 mm box nails, and
the 2012 IRC, which calls for three 16d x 89 mm box nails or three 10d x 76 mm

149

common nails. Note that a 16d box nail has a diameter of 3.43 mm and a 10d common
nail has a diameter of 3.76 mm.

Figure 8.1 Rafter Framing Connection

In some cases, the connection was reinforced by using a Simpson LTS12
hurricane tie fastened between the stud and the rafter with fourteen 4d x 38 mm nails (see
Figure 8.2). Fourteen 4d nails were used, as opposed to twelve 10d nails as recommended
by the manufacturer, to anchor the tie in order to avoid splitting the stud. For reference,
according to the manufacturer, when properly installed, the LTS12 is designed to
withstand a maximum allowable lift load of 3200 – 3440 N depending on the length of
fasteners used [61].
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Figure 8.2 Rafter Connection Reinforced With Hurricane Tie

Loads were applied in the vertical direction in an attempt to either pull the stud
away from the top plate or fail the toe nail joint between the rafter and the top plate.
During construction, no attempts were made to control the orientation and coarseness of
the grain structure in the configurations and these varied widely for different structural
members. In the rafter member shown in the photo in Figure 8.1, for example, the grain
runs in a direction perpendicular to the applied load, whereas the grain structure in the
vertical stud runs parallel to it.
During loading, it was assumed that the rafter lifts directly upward from the
vertical stud and top plate, thereby placing both joints in tension. Due to its location, the
hurricane strap is subjected to eccentric loading. Standard nailed configurations, with and
without the metal hurricane tie, were used to define control standards. To simplify the
construction and testing, the plywood sheathing that may be nailed to the top plate and
the stud was omitted.
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Polyurea was then sprayed on similar configurations continuously around the stud
and up and around the top plate and rafter as illustrated in the photos shown in Figure 8.3.
The thickness of the polyurea coatings varied throughout the coated specimens. An
average value of the coating thickness was obtained for all of the coated specimens by
making measurements: 1) across the thickness of the rafter at a point located midway
between the centerline of the upper hole and the upper surface of the top plate, and 2)
across the smaller dimension of the lower 2x4 at a point located midway between the
centerline of the lower hole and the lower surface of the top plate. The average
thicknesses for the black (1137) and white (8817) coatings were 2.03 mm and 2.29 mm,
respectively.

(a)

(b)

Figure 8.3 Examples of the Joint Coated With the Black (a) and White (b) Polyurea

For each configuration, two specimens were built and tested. In some instances, a
specimen was retested after the initial test to failure. The second set of tests was
conducted after an anomaly was seen in the initial tests or to gather further data. A
summary of the configurations and number of specimens tested during the Phase I
structural tests is shown in Table 8.1.
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Table 8.1 Configurations Tested During Phase I Structural Tests

Number of
Specimens

Number of
Retested
Specimens

Uncoated standard w/o tie

2

1

Uncoated standard w/tie

2

0

Coated w/black w/o tie

2

0

Coated w/white w/o tie

2

1

Coated w/black & tie

2

0

Coated w/white & tie

2

0

Configuration

As illustrated in the photo shown Figure 8.3b, the specimens were initially placed
in uniaxial tension by passing Kevlar straps through two 23.8 mm diameter holes drilled
in the 2x4 and rafter. Each hole was reinforced using a 38 mm long section of aluminum
pipe. The 98 kN capacity MTS testing machine used to conduct the tests was equipped
with a load cell and, comparisons and observations were made between uncoated and
coated specimens that were pulled in deflection controlled tests at a rate of 12.7 mm/min.
A net deflection for each configuration was calculated by subtracting the
deflection in the pull straps from that measured for the crossheads. The deflection in the
pull straps was computed based on Figure 8.4 which shows a load deflection plot
obtained by placing a 50 cm long segment of one of the pull straps in tension. A
calibration factor, C, of 6 (μm/N)/mm was obtained by fitting a linear curve through the
data in Figure 8.4 over the load range observed during the test program (0 to 10 kN). The
calibration factor equates to the compliance of the strap per unit length.
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Figure 8.4 Load Versus Deflection Plot for a 50 cm Long Kevlar Pull Strap.

Referring to the configuration shown in the photo Figure 8.3b, each side of the
upper and lower straps carries one half of the total load. Hence, the total deflection in the
pull straps is:

.

(8.1)

In Equation 8.1, P is the load and L is the total length of all straps used to pull on
the rafter specimens (approximately 56 cm). The strain energy, U, is equal in magnitude
to the area under the load/deflection plot. For the configuration at hand:

.
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(8.2)

For each configuration, a standard was selected for comparison to the other
configurations. In most scenarios, the standard was selected as the specimen that
obtained the highest ultimate load. In the discussion that follows, the standard for each
configuration is defined, and it some cases contrasted with the other specimen within the
configuration.

8.2

Results and Discussion

Figure 8.5 shows plots of load versus total deflection (of the specimen and the
pull straps) corresponding to three uncoated specimens. Two of the specimens were
unreinforced (w/o tie) while one was reinforced with a hurricane tie. One of the uncoated
specimens without the tie failed gradually as the nails in the top plate pulled out of the
stud (see the photo shown Figure 8.6a). This specimen held a maximum load of 1850 N;
and, this was considered the “standard” for 2x4 end nail failure; i.e., pull out between the
stud and top plate in an unreinforced configuration.
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Figure 8.5 Load Versus Deflection Plots for Uncoated Specimens.

In contrast, the other uncoated specimen without the tie represented a “best case”
scenario. This configuration held a higher load of 2563 N and failed relatively quickly as
the toe-nailed joint between the rafter and top plate fractured and gave way (see Figure
8.6b). As explained later, this was considered the “standard” for toe-nail rafter failure;
i.e., failure of the toe nail joint between the top plate and rafter in an uncoated
configuration. Since nail pull out occurred in every other initial pull test except for this
one, the failed specimens were examined to understand why.
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(a)

(b)

Figure 8.6 End Nail Failure (a) and Toe-Nail Failure (b)

Inspection of the lower joints in each of the specimens shown in Figure 8.6 shows
that the nails were driven vertically through the top plate into the stud. However, Figure
8.7 shows photographs taken of the grain structures in the studs for the specimens that
experienced end nail failure (left) and toe-nail rafter failure (right). The ring patterns
indicate that both studs were centrally cut; however, the one shown to the right had an
unusually fine grain structure that resulted in toe-nail rafter failure as opposed to the end
nail failure associated with the stud on the left. As described later, the joint that failed at
the toe-nail was retested by placing pull straps over the top plate and through the hole in the
stud. This was done to determine the load capacity of the end nail joint when using a stud
with a fine grain. The partial configuration held 2998 N, substantially higher than the load
applied to fail the toe nail joint.
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(a)

(b)

Figure 8.7 Coarse Grain (a) and Fine Grain (b) Specimens

Referring again to Figure 8.5, the third plot is typical of an uncoated configuration
that was reinforced with a Simpson LTS12 hurricane tie. As illustrated in the photos shown
in Figure 8.8, failure occurred when the tie deformed as the nail farthest away from it pulled
out of the stud. The specimen held a maximum load equal to 2278 N which was considered
the “standard” for pull out failure of an uncoated, reinforced configuration.

(a)

(b)

Figure 8.8 Failure of a Reinforced Uncoated Specimen

Figure 8.9 shows the load/deflection plots obtained for the unreinforced standard
along with those for typical configurations coated with black and white polyurea. The
configuration that was coated with black polyurea held a maximum load of 3622 N and
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as seen from the plot, failed relatively slowly. As seen in the photo shown to the left in
Figure 8.10, wood fibers fractured in the top plate and the nails in the stud loosened and
the coating stretched. In contrast, the configuration coated with white polyurea held a
maximum load of 7627 N and as seen in the photo shown to the right in Figure 8.10,
abruptly failed when the wood fibers fractured in the top plate.

Uncoated Standard w/o Tie
Coated w/ Black, w/o Tie
Coated w/ White, w/o Tie
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Figure 8.9 Load Versus Deflection Plots for the Uncoated Unreinforced Standard and Coated
Unreinforced Configurations
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(a)

(b)

Figure 8.10 Failure of a Specimen Coated with Black Polyurea (a) and White Polyurea (b)

Although the white polyurea coating was on average slightly thicker than the
black, the tensile strength of the black polyurea is slightly higher than that of the white.
So, the superior performance of the white coating was attributed to the higher stiffness
ratio between the polyurea and the wood and a better bond between the two. The higher
stiffness ratio associated with the white polyurea forces more stress into the coating,
thereby stiffening the overall configuration relative to that coated with the black version.
This is evident in Figure 8.9, where the slope associated with the white version is higher
than the slope associated with the black version.
An interesting observation was made during analysis of the coated unreinforced
configurations. Figure 8.11, for example, shows the grain structure in the top plates of
two different unreinforced configurations that were both coated with white polyurea.
These configurations had very similar load/deflection plots but the configuration to the
left held 7022 N while the one to the right (described above and shown to the right in
Figure 8.11) held 7627 N. The difference is attributed to the orientation of the grain
structure in the lower 2x4 that comprises the top plate. When the grain is oriented
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vertically (left) and placed in shear, the joint is relatively weak as compared to when the
grain is oriented horizontally (right) and placed in tension.

(a)

(b)

Figure 8.11 When the Orientation of the Grain in the Lower Member of the Top Plate was
Horizontal (b), the Joint was Stronger.

Figure 8.12 shows the load/deflection plot obtained for the reinforced standard
along with those for typical specimens coated with black and white polyurea. The
specimen that was coated with black polyurea held a maximum load of 5741 N. As
illustrated in the photo shown to the left in Figure 8.13, the wood fibers, diametrically
opposed to the hurricane tie and along the sides of the stud, fractured in the lower
member of the top plate. Then while the coating stretched, the nails in the stud loosened.
In contrast, the sample coated with white polyurea held a maximum load of 9906 N. As
illustrated in the photo shown to the right in Figure 8.13, the configuration abruptly failed
when the wood fibers, diametrically opposed to the hurricane tie and along the sides of
the stud, fractured in the lower member of the top plate.
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Figure 8.12 Load Versus Deflection Plots for the Uncoated Reinforced Standard and Coated
Reinforced Configurations.

(a)

(b)

Figure 8.13 The Coated Reinforced Configurations Failed Relatively Slowly (a) or Quickly (b) when
Wood Fibers Fractured in the Top Plate.
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Referring again to Figure 8.12, it is clear from the slopes of the plots that that
coatings stiffen the configuration, the white much more so that the black. Although the
white coated configuration holds more load, the black coated configuration is able to
sustain more deformation. The secondary peak observed at a deflection of about 25.4
mm in the curve associated with the black coated configuration was seen in every test
conducted on configurations of this type. The peak may correspond to the fracture that
takes place in the wood and, if so, could provide some insight into the relative bond
strength associated with the two polyurea coatings. Assuming that the wood fibers
fracture in the white coated configuration at failure, the bond strength associated with the
white coating is more than twice that associated with the black.
Figure 8.14 includes load/deflection plots corresponding to pull out for all six
cases tested: 1) an unreinforced configuration, 2) a configuration reinforced with a
hurricane tie, 3) an unreinforced configuration coated with black polyurea, 4) an
unreinforced configuration coated with white polyurea, 5) a reinforced configuration
coated with black polyurea, and 6) a reinforced configuration coated with white polyurea.
Table 8.2 lists the maximum loads that these six different configurations took along with
the value of total deflection at which they occurred and the total strain energy required to
achieve the maximum load condition. The net deflection and strain energy for each
configuration was obtained by subtracting the values associated with the pull straps.
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Figure 8.14 Load Versus Deflection Plots for 2x4 End Nail Failure in Six Different Configurations
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Table 8.2 Tabulated Results for 2x4 End Nail Failure in Six Different Configurations

Configuration
Status

Maximum
Load
(Pmax) [N]

Total
Deflection
@ Pmax
[mm]

Deflection
@ Pmax
[mm]

Total Strain
Energy to
Pmax [N mm]

Strain Energy to
Pmax [N mm]

uncoated
standard w/o
tie

1850

9.65

8.13

8693

7226

uncoated
standard w/tie

2278

29.7

27.7

35789

33644

coated
w/black w/o
tie

3622

19.8

16.8

28790

23257

coated
w/white w/o
tie

7627

26.4

20.1

81514

57127

coated
w/black & tie

5741

41.4

36.6

113465

99578

coated
w/white & tie

9906

31.8

23.4

121255

80046

It is clear from the tabulated data that the addition of a polyurea coating allowed
both the unreinforced and reinforced configurations to withstand a greater load. Results
for nail pull out indicate that when compared to their uncoated counterparts, the black
coated configurations were about twice as strong whereas the white coated configurations
were four times as strong. A review of the load/deflection plots revealed that the peaks
corresponding to the maximum load in the unreinforced coated configurations always
occurred at a greater deflection than those corresponding to their uncoated counterparts.
Thus, the addition of a polyurea coating delayed the onset of failure allowing the
unreinforced configurations to sustain more deflection before they reached their peak

165

loads. Results indicate that when compared to their uncoated counterpart, the coated
configurations can sustain anywhere from two to three times as much deflection.
As mentioned previously, all specimens except for one failed as the nails in the
top plate pulled out of the stud. As illustrated in Figure 8.15 and Figure 8.16, the
remaining rafter-to-top plate joints were retested by placing pull straps over the top plate
and through the hole in the stud. The photo shown in Figure 8.16b shows how the toe nail
joint failed in the coated specimens as a crack developed and propagated along the rafter.
This was notably different from the failure that occurred in the standard (described
previously and shown in Figure 8.5) where the wood surrounding the nails fractured.
Figure 8.17 shows plots of load versus total deflection corresponding to toe nail fracture
for an uncoated standard and configurations coated with black and white polyurea.

Figure 8.15 A Partial Configuration is Retested for End Nail Failure
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(a)

(b)

Figure 8.16 A Partial Coated Configuration Was Retested (a) to Evaluate Toe-Nail Rafter Failure
and a Crack Developed in the Rafter (b)
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Figure 8.17 Load Versus Deflection Plot for Toe-nail Rafter Failure of the Uncoated Unreinforced
Standard and Unreinforced Configurations Coated with Black and White Polyurea

Table 8.3 lists the maximum loads that these three different configurations took
along with the value of total deflection at which they occurred and the total strain energy
required to achieve the maximum load condition. The net deflection and strain energy for
each configuration was obtained by subtracting the values associated with the pull straps.
The follow up tests conducted to evaluate toe nail fracture show that when compared to
their uncoated counterpart, the black coated configurations were three times as strong
whereas the white coated configurations were four times as strong.
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Table 8.3 Tabulated Results for Toe-nail Rafter Failure in Three Different Unreinforced
Configurations

Configuration
Status

Maximum
Load
(Pmax) [N]

Total
Deflection
@ Pmax
[mm]

uncoated
standard w/o
tie

2563

18.3

16.3

20774

18064

uncoated
standard
w/tie

7949

55.1

48.5

155689

129158

coated
w/black w/o
tie

10164

36.3

27.7

119222

75869

Deflection
@ Pmax
[mm]

Total Strain
Energy to
Pmax [N mm]

Strain Energy to
Pmax [N mm]

The observations made during the Phase I tests led to refinements in Phase II,
which will be discussed next.

169

CHAPTER 9

STRUCTURAL ENHANCEMENT OF WOOD JOINTS:
PHASE II STRUCTURAL TESTING

The Phase I structural tests detailed in the previous chapter were used to develop
the Phase II testing methodology. The results showed that the rafter-to-top plate joint
(Phase I) failed primarily as the nails securing the wall stud withdrew. This led to
simpler T joint (Phase II) that aided in fabrication and modeling. Additionally, the Phase
I tests showed that coating the joints with the 8817 (white) polyurea resulted in a stronger
joint. So for the Phase II tests, only the 8817 polyurea was considered. This chapter
details the testing methodology and the results of the T specimens followed by a
discussion of the results.

9.1

Testing Methodology

The observations from the Phase I structural tests that helped drive the Phase II
testing program include the failure mode of the majority of the specimens, the difference
in the observed failure between the white and black coated specimens, and the perceived
influence of the wood grain on the results. First, since most of the specimens failed when
the end nailed wall stud pull out, it was decided to use a simple T-specimen during the
Phase II testing program. This was done to facilitate analysis and to remove the
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complexity of the toe nailed joint, which suffers from the difficulty of being able to
repeat the placement and angle of the nails among all of the specimens.
Second, the specimens coated with the white polyurea withstood higher loads than
those coated with the black polyurea and therefore the Phase II structural tests were
conducted only with the white polyurea. This was attributed to the bonding strength to
the wood of the white polyurea as compared to the black. This was seen in the failure of
the specimens where the white coated specimens failed with large pieces of fractured
wood and the black coated specimens failed with a relatively thin layer of wood fracture.
Lastly, the results from Phase I indicated sensitivity to the wood grain density and the
wood grain direction, which led to the decision to prepare a series of specimens to study
these effects.
The T specimens (Figure 9.1) were fabricated from spruce-pine-fir 2x4 stud
lumber secured from a local home improvement store. The specimens consisted of a 25
cm horizontal and a 20 cm vertical. All nailed configurations were nailed together per
the 2009 IRC using two hand driven 16d common nails (89 mm X 4.11 mm) where the
nails were end nailed into the vertical member. A template was used to repeat the
placement of the nails with respect to the sides for each specimen. For the glued
specimens, the horizontal members were first masked and then sprayed. Sacrificial 2x4s
were used to mask all but a 38.1 mm wide strip in the center of the piece. The specimens
were oriented such that two extra 2x4s could mask all of the specimens. The horizontal
members were then spray coated with the 8817 polyurea and the mask quickly removed.
Once removed, the vertical members were seated on the horizontal and allowed to cure.
Since the gel time of the 8817 is approximately 30 sec, no clamping was needed.
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(a)

(b)
Figure 9.1 T Specimen Layout and Dimensions

Since the displacement measurements from Phase I were complicated by the use
of the stretch of Kevlar pull straps, then for Phase II, a new steel loading fixture was
designed to accommodate the T specimens in the MTS testing machine. The fixture can
be seen in Figure 9.2 and the drawing used to procure the fixture is included in Appendix
A. The horizontal member of the specimen rested on the lower plate of the fixture and
was secured using two 13 mm bolts. At the top of the specimen, two right angle brackets
were used to clamp the vertical member. The two angle brackets were then secured to a
plate identical to the bottom plate in order to interface the MTS machine. A 13 mm bolt
passed through the angle brackets and the specimen. The MTS machine used to conduct
the test had a capacity of 98 kN and was capable of measuring force and displacement.
The tests were conducted in a displacement control manner at a rate of 6.4 mm/sec. For
each specimen, the force and displacement as a function of time were recorded.
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Figure 9.2 Test Setup for T Specimens Showing the Test Fixture

A total of 24 specimens, comprised of 8 configurations with 3 specimens per
configuration, were tested during Phase II. Table 9.1 below lists the configurations that
were studied. Configurations 1 and 2 represent the uncoated standards to which the
coated specimens were compared. The two configurations were fabricated to investigate
the difference between a coarse grain and a fine grain in the vertical member. The glued
specimens, configurations 3 and 4, were fabricated for various reasons. First, the glued
configurations were fabricated to study the effectiveness of polyurea as a wood adhesive.
Second, since there were indications in Phase I that the coated joint was stronger when
the load was perpendicular to the grain, it was also decided to test this belief using the
glued joints as well. Finally, the configurations were selected to determine the bond
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strength of the polyurea to the wood to aid in the analysis of the joint. The remaining
configurations were used to test the sensitivity to thickness (categories 5-7) and grain
orientation in the lower member (categories 5 and 8).

Table 9.1 T Specimen Configurations

Configuration

Description

No. of
Specimens

1

Uncoated, Coarse Grain in Vertical Member

3

2

Uncoated, Fine Grain in Vertical Member

3

3

Glued, Horizontal Grain in Lower Member

3

4

Glued, Vertical Grain in Lower Member

3

5

Coated, Horizontal Grain (Lower) Nominal Coating

3

6

Coated, Horizontal Grain (Lower) Thin Coating

3

7

Coated, Horizontal Grain (Lower) Thick Coating

3

8

Coated, Vertical Grain (Lower) Nominal Coating

3

Total

24

The coated specimens were coated in a manner similar to the four point bending
plates. For the nominal thickness, the nailed specimens were placed on the floor and
sprayed until the polyurea began to flow. This method was found to produce a coating
approximately 0.76 mm thick. For the specimens requiring a thinner coat, the polyurea
was sprayed for about half the time of the nominal in order to target a coating thickness
of 0.38 mm. Using a wet film gage, measurements away from the intersection were made
to help verify the thickness of the coating. The thick coated specimens were first sprayed
to the nominal thickness and the coating allowed to cure for 30 min. As stated in Chapter
3, the manufacturer stated that a second coating applied within 6 hours would result in a
coating as strong as a single coating with the same overall thickness. With this is mind, a
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second coating was applied over the first until the second coat began to flow. This
resulted in a total coating thickness of approximately 1.52 mm.

9.2

Results

The breaking force for all of the specimens is presented in Table 9.2 along with
the average of each configuration. During testing, the first specimen tested, which was
uncoated with coarse grain in the vertical, was inadvertently pulled at a rate much higher
than intended. The higher displacement rate coupled with a sample rate too slow to
resolve the data led to the results being discarded, hence the missing data in the table
below. Additional tables and figures that are needed to further understand the results will
be presented with the discussion of the results in the next section.

Table 9.2 Summary of Test Results for Phase II Structural Testing

Configuration
Uncoated Coarse
Grain
Uncoated Fine Grain
Glued Horizontal
Grain
Glued Vertical Grain

Specimen 1

Breaking Force [N]
Specimen 2 Specimen 3

Average

-

1911

1412

1662

1803

2302

2302

2136

8297

9318

7993

8536

5234

2585

8080

5300

Coated Horizontal
Grain Nominal

2932

4083

3540

3519

Coated Horizontal
Grain Thin

3236

3910

3910

3685

Coated Horizontal
Grain Thick
Coated Vertical Grain

2085

2628

3345

2686

3758

3323

4735

3938
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9.3

Discussion of Results

The uncoated configurations were tested in order to obtain a baseline to which to
compare the coated results and to confirm the findings of the Phase I structural tests
which suggested that a finer end grain resulted in a higher withdrawal force. During
Phase I there was no attempt to control the coarseness of the end grain for any of the
specimens. This resulted in one uncoated specimen with a coarse grain and one with a
fine grain. The uncoated specimen with the coarse grain failed at a force of 1850 N and
the one with the fine grain held 2998 N before nail withdrawal. This represents a
difference of 62%. Comparing these results to those presented in Table 9.2 shows that
the coarse grain results compare favorably (1662 N vs. 1850 N), but the fine grain results
do not compare as well (2136 N vs. 2998 N). The data in Table 9.2 shows the fine grain
specimens were able to withstand approximately 28% more than the coarse grain based
on the average values.
Testing of the glued configurations was performed to first determine if polyurea
would be effective as wood glue. The results of these tests show that the glued
specimens withstood on average 2.5 to 5 times more force than the uncoated nailed joints
depending on which configurations are compared. The specimens that were able to
withstand the highest loads all failed when the failure occurred with large amounts of
wood fracture. This is the best case scenario for a glued joint since the failure occurred in
the wood and not in the adhesive. Even with the scatter within the vertical grain
specimens, the conclusion is still that the 8817 polyurea can be used as an adhesive to
bond at least wood and possible other materials. The differences between the horizontal
grain and vertical grain results will be discussed later.
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Although it is beyond the scope of this research, it likely that other polyurea
formulations would actually perform better as a wood adhesive. The 8817 was found to
bond better to the wood than the 1137 polyurea during the Phase I structural testing.
Speaking with the polyurea manufacturer, the 8817 has a lower viscosity than the 1137
which leads to the higher bond strength due to its ability to penetrate the wood. Both of
these sprayable polyurea formulations have a gel time less than 1 minute which may
actually limit their ability to filter into the wood. It may be possible for a low viscosity
polyurea with a longer gel time to penetrate more into the wood and then solidify. This
may increase the effective area for the load to be spread over increasing the load capacity.
This is an area for future research.
The second reason for testing the glued specimens was to test the observation that
the grain direction of the horizontal member impacts the strength of the joint. The results
in Table 9.2 show that the results of the horizontal grain specimens are more consistent
than the vertical grain specimens. Using the standard deviation as the metric, the vertical
grain specimens have a standard deviation nearly 4 times higher (2748 N vs. 694 N).
Inspection of the specimens after testing shows that polyurea was pulled completely off
of the horizontal member for the higher loaded specimens and only partially pulled off in
the lower loaded specimens. Figure 9.3a below shows an example of a higher loaded
specimen and Figure 9.3b shows an example of a lower loaded specimen. Of the six
specimens, the four highest capacity specimens all withstood higher than 7,500 N and
failed similar to the example in Figure 9.3a. The two lowest capacity specimens showed
a failure similar to the on shown in Figure 9.3b. The reason for the difference is unclear.
One possibility is that the grain orientation does indeed influence the capability of the
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joint. Both of the specimens that failed at the lower loads were the specimens with the
vertical oriented grain in the lower member. This follows the observation made from
Phase I. If correct, then it is unclear why polyurea remains on both the vertical and
horizontal pieces. One explanation is that the vertical grain may be more likely to
contain a local weakness compared to the horizontal grain. A local failure could lead to a
highly complex loading in the remaining polyurea and could result in polyurea failure.
This could lead to the scenario shown in Figure 9.3b, which shows that the polyurea
remaining on the vertical member contains wood fragments. Another possibility for the
variance in the vertical grain specimens could be the fabrication process. With such a
short gel time, it is possible that for the lower capacity specimens, the polyurea had
already began to gel before the two pieces were placed in contact. This would have
prevented the polyurea from achieving a good bond to the vertical member since the
horizontal piece was always coated and then the vertical placed on top. Additional work
would be needed to better determine the reason for the variance in the vertical grained
specimens. Unfortunately the question of whether or not the vertical grain in the lower
member results in lower loads was not fully answered. Regardless, the results do show
that glued specimens were able to withstand a higher load than the nails alone and that it
is likely that polyurea can successfully be used as a wood adhesive. This is especially
true if a polyurea formulation with a longer gel time is used.
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(a)

(b)

Figure 9.3 Example of Higher Loaded Glued Specimen (a) and Lower Loaded Specimen (b)

The glued specimens were tested, lastly, to determine the stress at which the
bond fails in order to aid in the finite element development. Again, in four of the
specimens, this corresponds to the wood failure. In order to determine the stress an
assumed area must be made. The most conservative assumption is to assume that the
force is spread over the entire area of the 2x4 end. The assumption of the largest area
leads to the lowest stress in the wood. This area equates to
mm2.

(9.1)

The resulting stress assuming the average force value from the horizontal grain
specimens (8536 N) is
kPa.

(9.2)

This value corresponds well to the values from Table 5.3 for the tension
perpendicular to the grain which has a range of 2000 – 3240 kPa and an average of 2620
kPa. Since the value calculated in Equation 9.2 is close to the average and is the uses the
most conservative area, then it was decided to the average value of 2620 kPa as the
starting point in the FEM.
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The remaining results presented in Table 9.2 are for the various nailed and coated
configurations. Comparing the averaged results of the configurations to the uncoated
nailed results shows that the coated specimens withstood 1.2 to 2.3 more force. Taken
alone, these results would be considered a success. However, these values are much
lower than the increase seen in the Phase I tests that showed an increase of over 300% for
the joint coated with the 8817 polyurea (see Table 8.2). Inspection of the specimens from
both testing studies reveals the reasons for the large differences.
Figure 9.4 below shows the coated T specimen that withstood the highest forces.
This particular specimen had a thick layer of polyurea along the long edge of the vertical
2x4 but almost no polyurea along the short edges in the front and back. Because of this, a
stress concentration was present at which the crack in the polyurea formed. As stated
previously, applying a coating to a desired thickness was one of the most challenging
aspects of this research. The rafter specimens from Phase I were hung from the ceiling
due to their size and the number of edges that needed to be coated. This allowed for
better access to the edges than for the T specimens since they were placed on the ground
and sprayed from above. In practice, coating a frame house would provide easy access
much like the specimens hung from the ceiling. In addition to what edges were coated,
the amount of coating on the two sets of specimens was examined.
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Figure 9.4 Coated with Vertical Grain Specimen 3 During Testing

In contrast to the T specimen, Figure 8.16b shows the Phase I rafter specimen
coated with the 8817. The picture shows how heavily coated the specimen was including
along the interface between the top plate and the wall stud. Measurements of the coating
during the Phase I structural tests revealed that the coating was approximately 2.5 mm
thick. Additionally, the coating was found to have seeped under the wall stud – to – top
plate interface meaning that the polyurea was acting as an adhesive as well. Simple
calculations can demonstrate why the 2.54 mm coating thickness performed as well as it
did. Reasonably assuming that the polyurea is the preferred load path from the top plate
to the wall stud, then the coating was acting similar to a weld around the perimeter of the
2x4 wall stud. The stress in the coating can be determined by dividing the force by the
area of the coating, where the area of the coating is the perimeter of the 2x4 times the
thickness of the coating. The stress in the coating for the 8817 coated specimen from the
Phase I test is calculated by
kPa.
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(9.3)

The stress level determined in Equation 9.3 is approximately 75% of the yield
strength of the polyurea. So the coating has a high stress level but since the stress is
below the yield point, the failure occurs in the wood surface below the coating.
Due to the difficulty in applying a coating with adequate coverage, the desire to
test the sensitivity to coating thickness was not possible. The test results shown in Table
9.2 indicate that the thinnest coating is stronger than both the nominal and thicker
coating. It should be obvious that given a well coated specimen that the thicker coating
would withstand the highest loads. This is exactly what was found during the Phase I
tests although with a limit number of specimens and without any attempt to control the
coating thickness. So in order to study the effects of various thickness values, finite
element modeling will be utilized. The use of FEM was already planned, but now will be
the only way to study the impacts of the thickness and cannot be verified with test data.
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CHAPTER 10

STRUCTURAL ENHANCEMENT OF WOOD JOINTS:
FINITE ELEMENT MODEL DEVELOPMENT

This chapter discusses the development of the finite element model for the T
specimens. The model is created using the wood properties detailed in Chapter 5 and the
test results of Chapter 9. The results from the uncoated specimens were used to create a
nonlinear nail model to represent the friction force between the nail and the end grain of
the vertical member. A model of the glued specimens is created to determine the failure
metric for the wood perpendicular to the grain. Both the uncoated and glued results are
then used as the basis for the coated models. The chapter concludes with a parametric
study of the T specimens.

10.1

Finite Element Model Development

The FEA solver NX Nastran was selected for modeling the T specimens. In the
uncoated configurations, the load in the vertical member is transferred to the nail through
friction forces. The force in the nail is then transferred to the horizontal member through
the head of the nail in the bottom surface of the 2x4. In order to model this interaction,
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the results of the uncoated specimens were used to create a series of elements to represent
the nail.
First, the model of both wood members was created using the Nastran CQUAD4
elements which are two dimensional plate elements. An example of a coated model is
shown in Figure 10.1a and a detail of the model showing the coating is shown in Figure
10.1b. The vertical (purple) and horizontal (blue) members of the specimens are modeled
using the wood properties developed during the plywood plate modeling and align with
the average solid sawn pine properties shown in Table 5.3. Since wood is orthotropic,
both members were modeled as such with the longitudinal direction in the X direction for
the horizontal member and in the Y direction for the vertical member. It is important to
note that although the nodes of the vertical and horizontal CQUAD4 elements are
coincident, there is no connectivity between the two. All of the elements representing the
wood are 3.81 mm squares which resulted in 10 elements through the thickness of each
member.

(a)

(b)

Figure 10.1 Finite Element Model of T Specimen (a) and Detail View Showing Coating (b)

184

As shown in Figure 10.1a, the constraints were applied near the ends of the
horizontal member representing the bolt that passed through the member. These
constraints, along with the added constraints at the bottom of the horizontal member,
were applied to fully constrain the model and allow for the static solution. The load was
applied as an enforced displacement at the top of the vertical member. A rigid element
was used so that the enforced displacement could be applied to a single node and the
required force would be equally distributed to line of nodes at the top of the model.
Next, a 55.9 mm long beam element with the mechanical properties of steel and a
4.11 mm diameter circular cross section was inserted with one end connected to the
bottom surface of the horizontal member. This connection represents the head of the nail
bearing on that surface. The second connection and the reason the nail element was
shorter than the actual nail will be described next.
It was assumed that the vertical member transfers load to the nail through friction
along the entire length of the nail that penetrated the vertical member. It was decided
that rather than attempt to model the interaction of the wood and nail through friction, the
interaction would be modeled with a nonlinear spring. The nonlinear spring was chosen
for its ease of implementation and that it is capable of multiple spring constants that will
allow for representation of both the static friction and the sliding friction.
The spring was sized by using the uncoated test results to tune its properties. The
element was connected to the nail element on one side and the vertical member on the
other. Since the assumption was made that the friction is distributed along the nail inside
the vertical member, a rigid element was create to distribute the force along the wood
over the depth of the nail penetration. The rigid element, which looks like spider web,
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can be seen in Figure 10.1a and Figure 10.1b. The results of the uncoated fine grain
specimens were selected to create the initial nonlinear spring. The fine grain results were
more consistent than the coarse grain and only two of the coarse grain specimen’s results
were valid due to the higher pull rate of the third as described in Chapter 9.
The force-displacement results of the uncoated fine grain specimens are shown in
Figure 10.2. Based on the shape of the curves, the nonlinear spring was modeled as a
linear spring up to the peak followed by a zero slope line at a constant force. The first
step was to calculate the slope of the line drawn from the origin to the peak load. For
Specimen 2, the first peak was used. It was assumed that some kind of slip condition
occurred either with the nail or with the loading fixture which caused to the drop in load.
The slope after the drop and the second peak load are approximately the same as before
the slip, so this assumption is reasonable. For the constant force portion of the spring, the
value at 2 mm of displacement was selected for each specimen.
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Figure 10.2 Force-displacement Results for the Uncoated Fine Grain Specimens

The spring was created using the average of the slope, peak forces, and forces at 2
mm of displacement of the three specimens. Averaging resulted in a spring constant of
3380 N/mm, a peak force of 2136 N, and a slip force of 1102 N. Figure 10.3 below
compares the results of the uncoated FEM to the uncoated fine grain results. The spring
model graphically shown in the figure was included in the uncoated model and was used
as the basis for all of the coated models. Given that both the stiffness and the peak force
could vary significantly in end nailed specimens, the spring model will be studied in the
parametric study to determine the impacts of changes to the nail model. The coated
models will be discussed in the next section.
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Figure 10.3 Force-displacement Results for the Uncoated Fine Grain Specimens Compared to FEM
Results

10.2

Finite Element Model Tuning

As stated in Chapter 9, one purpose of the glued specimens was to determine the
bond strength of the polyurea to the wood. For the wood and polyurea formulation
tested, the failure occurred when the wood fractured perpendicular to the grain. In
Chapter 9, an average stress in the wood was calculated by assuming force was equally
distributed over the entire area under the 2x4. The stress using this calculation agreed
well with the allowable shown in Table 5.3.
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A finite element model of the glued specimens was created to first verify and then
adjust as necessary the stress at failure in the wood. The model was created using the
elements of vertical and horizontal members plus polyurea elements to represent the glue.
Unlike in the MSC Marc software, the nonlinear stress-strain properties of the polyurea
are entered as engineering stress and strain in the NX Nastran software. The average
stress-strain data of the 8817 polyurea presented in Figure 3.3b was used for the polyurea
in all of the T specimen models. The polyurea layer was assumed to have a thickness of
0.51 mm. A detail of the FEM showing the glued interface is shown in Figure 10.4
where the elements representing the polyurea are green.

Figure 10.4 Detail View of Glued T Specimen FEM

The model was loaded using the same enforced displacement approach stated
previously and the results were imported into FEMAP for post processing. The forcedisplacement curve for the node with the prescribed displacement was extracted and
compared to the horizontal grain test results in Figure 10.5. Test results from the
horizontal grain specimens were selected to tune the wood stress since a majority of the
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coated specimens were fabricated with horizontal grain in the lower member. It is
evident that the slope of the FEM results does not match the test data well.
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Figure 10.5 Horizontal Grain Glued Specimen Test and FEM Results

Beyond confirming that the FEM parameters were inputted correctly, a hand
analysis was performed to calculate the expected displacement. The displacement at the
enforced grid is a function of bending of the horizontal member and extension of both the
polyurea and the vertical member. The displacement was calculated assuming a pinnedpinned condition for the horizontal member as
.

(10.1)

Using Equation 10.1 with an applied force of 4750 N results in a displacement
of 0.16 mm. This is compared to the FEM predicted displacement of 0.14 mm showing
that the hand analysis and the FEM agree reasonably well which helps validate that the
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results of the FEM are correct. One assumption when creating the FEM was that the test
fixture was rigid compared to the wood specimen. This assumption is likely incorrect
since the hand analysis matches the FEM results well. There are at least two ways in
which the fixture can contribute to the displacement results. First, the assumption of the
fixture being rigid with respect to the wood could be invalid. The fixture was designed
and fabricated using steel plates which obviously has a much higher modulus than the
wood. This makes it unlikely that the difference between the FEM and the test results is
because of the elastic deformation of the fixture. A second and more likely scenario is
that the oversized holes in the fixture lead to the discrepancy.
In Figure 10.6 below, the fixture and specimen are shown detailing how the
specimen was assembled into the fixture. At the upper attachment to the fixture, the
holes through the specimen and the L-brackets are both 19 mm, whereas the bolt is 13
mm. During testing the cross head was positioned so that the holes were aligned and the
bolt was inserted and tightened. If perfectly aligned, this would create a scenario where
force would be transmitted from the L-brackets to the specimen through friction due to
clamping instead of directly through the bolt. In this case, the bolt would be able to
travel ~3 mm before bottoming out in the holes. The use of the oversized holes and the
alignment at the start of the test are likely the reason for the differences in the
displacement between the FEM and the test results.
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Figure 10.6 Details of T Specimen Assembly into Fixture

In reality the holes were not perfectly aligned when assembled meaning that the
displacement at which the load was transferred to the bolt varied between all specimens.
This finding impacts the tuning of the nonlinear spring detailed previously. In order to
determine the spring model, it was assumed that the displacement from the test results did
not include slipping. Since slipping was likely to have occurred, then the apparent
stiffness of the joint would be stiffer than calculated during the tuning of the spring
representing the nail. For this reason, the stiffness of the nonlinear spring will be studied
during the parametric study but the tuning of the results will proceed with the spring
model developed based on the measured displacements.
The stress distribution at the intersection of the horizontal and vertical members
was evaluated at the average breaking force of the glued horizontal grain specimens.
Similar to the plate analysis, the load is applied incrementally and for ease of analysis,
the nearest increment was used. The average peak force from the test data was listed as
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8536 N in Table 9.2 and the nearest increment in the FEM showed a peak force of 8309
N which is about 3% lower than the actual peak.
The stresses at the failure load of 8309 N were assessed using Hoffman’s
criterion. Hoffman’s criterion has successfully been shown to predict failure in wood and
is similar to both the Hill and Tsai-Wu failure criteria [62][63]. For a 2-dimensional state
of stress, Hoffman’s criterion simplifies to

=1,

(10.2)

where ft refers to the tension allowable, fc the compressive allowable, fs the shear
allowable, and the subscripts 1 and 2 refer to the material directions.
The failure curve indicated by Hoffman’s criterion is compare to the Maximum
Stress criterion in Figure 10.7 at a shear value of 1 MPa which indicated by the FEM
results. Tension loading of the vertical member results in bending in the horizontal
member such that tensile stress is developed in the upper surface of the horizontal
member. With both the longitude and lateral stresses in the horizontal member greater
than zero (tension), the stress state will be assessed against the Hoffman curve in the
upper right quadrant. The FEM results indicate that the longitudinal stress due bending
will always be less than 40 MPa for any of the force levels seen during Phase I or Phase
II testing. This fact, coupled with the figure below, indicates that the Maximum Stress
criterion will be a conservative predictor of failure when compared to the Hoffman
failure curve.
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Figure 10.7 Hoffman and Maximum Stress Criteria Envelope Curves

The 2-dimensional model presented above uses plane stress elements, which may
not be valid for this application given the out-of-plane dimension of the 2x4. To check
this assumption, a 3-dimesional model of the glued configuration was created. The
results of the model do show that there are stresses in the out-of-plane direction. At
failure, the stress in the Z direction is approximately 20% of the stress in the Y direction.
Assessing the stress state using the 3-dimensional Hoffman criterion demonstrates that
the Maximum Stress criterion is still conservative with respect to the Hoffman criterion
over the expected stress ranges. Based on this, the analysis will proceed with the 2dimensional model using the Maximum Stress criterion as the failure metric.
The stress distribution at a force of 8309 N is shown in Figure 10.8. The stress
values plotted are the Y normal stresses for each element. For the elements in the
horizontal member, the Y normal stress represents the stress perpendicular to the grain.
For the polyurea and the vertical member elements, the Y normal stress aligns with the
longitudinal axis. For the figure, the maximum value in the contour legend was set to
2620 kPa which is the average allowable perpendicular to the grain.
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As Table 5.3 indicates, the strength of the wood parallel to the grain is much
higher than perpendicular to the grain. Since the Y normal stress is plotted, neither the
elements in the vertical member nor the polyurea that are red are predicted to fail since
the allowable for both in the Y direction is much higher than the maximum value in the
contour legend. However, the red elements in the horizontal member are predicted to fail
at the plotted increment. The stress distribution shows that two elements at the outer
edges of the vertical member are predicted to fail at the force level of 8536 N. The fact
that wood failure is predicted at the test data force values helps validate the model from a
force and stress perspective. Given this and the fact that the hand analysis of the
displacements matches the FEM results closely, the results of the glued FEM were used
to develop a metric for predicting wood failure. Based on the figure, failure in the wood
was deemed to occur when two adjacent elements both exceed the wood allowable of
2620 kPa. This metric was applied to all of the coated models.

Figure 10.8 Stress Distribution at Interface for Glued FEM
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Three separate coating models were created for each of the coated configurations
tested during Phase II. The coating thicknesses for the thin, nominal, and thick
configurations were targeted to be 0.38 mm, .76 mm, and 1.52 mm respectively and these
values were used in creating the three models. The polyurea elements for the nominal
model can be seen in Figure 10.1b above and Figure 10.9 below. Away from the
intersection of the wood members, the elements are 0.38 mm thick by 3.81 mm wide. So
for the thin configuration, there is one row of elements on both wood surfaces, two for
the nominal thickness, and four for the thick coated model.

Figure 10.9 Detail of Nominal Thickness Coated FEM

For each model a set of two triangle elements were added to represent a fillet
radius and to avoid a sharp corner at the intersection of the horizontal and vertical
polyurea elements. In the figure below, these triangular elements can be seen above and
to the left of the 2nd row of polyurea elements. Realizing that the size of the triangle
elements will influence the results, the length of the shared side between the two triangles
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was set at 0.54 mm for each of the 3 initial models. This length will be included as a
parameter to vary during the parametric study. For a similar reason, the small triangle
element that connects the vertical member (purple) to the horizontal member (blue)
remained the same size between all of the elements.
Since there is no connectivity between the purple and blue elements, a small gap
was needed to create a valid FEM by avoiding a zero length element. The gap is visible
in the Figure 10.9 and the small triangle element provides the connectivity between the
wood members across the gap. Earlier versions of the model allowed the triangular
interface element to vary depending on the coating thickness. This assumed that size of
the gap would not influence the results. This assumption was tested and proved to be
incorrect leading to the constant element size as shown below.
The three models were finalized and loaded by means of enforced displacement
like the uncoated and glued models. The model was monitored for wood failure, which
was determined to be two adjacent elements exceeding 2620 kPa, and polyurea failure,
which was chosen as the largest strain from the average stress-strain data in Chapter 3.
For reference, this value is 0.92 mm/mm.
Table 10.1 below summarizes the results from the three models including the
failure mode, displacement, wood stress, nail force, and the polyurea strain. For each
row of the table, the values occur at the increment that the listed failure was predicted to
occur.
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Table 10.1 Summary of FEM Results for Coated T Specimens

Model
Nominal
(0.76 mm)
Thin
(0.38 mm)
Thick
(1.52 mm)

Failure
Mode

Displacement
[mm]

Applied
Load
[N]

Nail
Force
[N]

Wood
Stress
[kPa]

Wood
Stress
[kPa]

Polyurea
Strain

Wood

0.54

6180

1194

3387

2630

0.78

Polyurea

0.56

5259

1313

2692

2209

0.91

Wood

0.49

6577

1036

3708

2620

0.65

Comparing the displacements of the three models shows that there is only about
15% difference between the thick and thin coated models. These displacements are
larger than the glued FEM results but are still considerably smaller than the actual test
data. The load at failure (Applied Load column) shows only about a 25% difference
between the thick and thin coated results. These values are larger than the test results and
contrary them, since the model predicts that the thicker coating will withstand the highest
loads.
Referring back to Chapter 9, there was difficulty in obtaining a consistent coating
along the intersection of the two wood members. This led to the large variations in the
test results and the unexpected result that the specimen with the thicker coat actually
withstood the lowest load. The results of the FEM show that the coating would be
expected to increase the capacity of the joint by 100% or more compared to the uncoated
fine grain specimen results when coated properly. The FEM results show increased
capacity for increased coating thickness but the rate of increase is lower for the thicker
coating. It will be important to determine the ideal coating thickness with both capacity
and cost considerations. Additional coating thicknesses will be analyzed during the
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parametric study to determine if there is a threshold over which additional coating does
not increase the capacity.
The force in the nail is provided to show the load sharing between the nail and the
coating. The load sharing ranges from 25% in the thin coating to 15% in the thick
coating. In all three models, the nail force does not exceed the limit and remains in the
linear portion of the spring. The load sharing will be highly dependent on the relative
stiffness between the coating and the nail. In order to determine the impacts of the load
sharing, the slope of the force-displacement curve and the force limit will be explored in
the parametric study.
The stress values are given for the two adjacent elements where failure is
predicted to occur based on the failure metric developed from the glued FEM. Failure
was predicted when the stress in the two adjacent elements exceeds the average allowable
stress of 2620 kPa perpendicular to the grain. The two elements that show failure were
the same across the three models. Figure 10.10 below shows the two elements in red.
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Figure 10.10 Coated FEM Showing Failed Wood Elements (Red)

Because of symmetry in the model, the stresses in the red elements on the right
hand side are equal to those on the left hand side. Inspection of the values in the table
shows that the thicker the coating the larger the stress difference between the elements,
with the higher stresses occurring the outside elements. The stress results of the glued
FEM, from which the failure metric was determined, were nearly identical in the two
adjacent elements.
It is likely that this predictor of failure will be invalidated at some level of stress
in the higher stressed element, but in the absence of data to suggest otherwise, the metric
will be considered valid. The nominal FEM and results of the analysis will be used to
direct the parametric study.
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10.3

Finite Element Model Parametric Study

Similar to the parametric study of the four point bending specimens, the goal of
the parametric study for the T specimens is to first understand the key parameters and the
sensitivity of the results to changes of these parameters, and second to aid in selecting the
optimal polyurea formulation for the T specimens. Several parameters to study were
identified in the previous section. These include the nail stiffness and maximum nail
load, the size of the elements representing the fillet radius of the polyurea, and coating
thicknesses greater than the three already modeled. Beyond the coating thickness, the
polyurea modulus, yield strength, and elongation will be studied in order to guide the
selection of the polyurea formulation.
Coating thicknesses of 2.54 mm and 5.08 mm were selected for the study. The
2.54 mm thickness was selected based on the measurements of the thickness during the
Phase I structural tests and doubling of this led to the 5.08 mm thickness. The models
were created with all other inputs identical to the tuned models in the previous section
and loaded in the same fashion. The results are shown in Table 10.2 and the results from
the thick coated (1.52 mm) model are repeated for comparison.
First, the results allow for comparison to the Phase I results where the specimens
were coated more consistently that the T specimens. From Phase I, the maximum force
for the specimen coated with the 8817 and with the wall stud failure was 7624 N. This is
within ~5% of the 2.54 mm results of 7253 N shown in the table below. One reason for
the lower load from the FEM results is the fact that a 2D model was used based on the
observation that the coating was generally only applied to the long edges of the interface.
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The rafter specimens were more evenly coated with polyurea along the entire
circumference of the interface resulting in a larger area for the load to be distributed over.

Table 10.2 T Specimen FEM Results of Additional Thickness Variations

Model
Thick
(1.52 mm)
2.54 mm
5.08 mm

Failure
Mode

Displacement
[mm]

Applied
Load
[N]

Nail
Force
[N]

Wood
Stress
[kPa]

Wood
Stress
[kPa]

Polyurea
Strain

Wood
Wood
Wood

0.49
0.49
0.50

6577
7253
8070

1036
995
977

3708
4083
4386

2620
2622
2618

0.65
0.62
0.60

Comparing the results of Table 10.2 shows that the displacement at failure is
nearly identical between the three, but that the applied load at failure is higher for the
thicker coatings. The capacity of the joint increases by 10% and 23% respectively for the
2.54 mm and 5.08 mm coatings.
Related to the coating thickness, the size of the fillet radius was studied to
determine the impact. One measure of the fillet radius is the distance from the
intersection to the outer surface of the fillet. This is sometimes referred to as the throat
dimension and is used in the stress analysis of welds [45]. The stress in the weld is
calculated by multiplying the total length of the weld by the throat length.
Using the nominal thickness model, the throat dimension was increased and the
model was processed. The throat length was increased from 1.6 mm to 2.7 mm where the
increased length matches the throat of the thick coated model. The results of the
increased throat analysis are compared to the nominal and thick coated results in Table
10.3.

202

Table 10.3 Results of Increased Throat Length Variation Study

Model
Nominal

Failure
Mode
Wood

Displacement
[mm]
0.54

Applied
Load
[N]
6180

Nail
Force
[N]
1194

Wood
Stress
[kPa]
3387

Wood
Stress
[kPa]
2630

Polyurea
Strain
0.78

Nominal
large throat
Thick

Wood
Wood

0.51
0.49

6478
6577

1102
1036

3607
3708

2630
2620

0.71
0.65

The results show that the increase in the fillet size, or throat, is responsible for a
majority of the increase when moving from the nominally coated to the thick coated
model. The capacity of the thick coated model is approximately 6% higher than the
nominal coated and the large throat results are approximately 5% higher than the
nominal. In both the large throat and thick coated models, the additional polyurea at the
intersection distributes the stress away from the inner red elements in Figure 10.10 to the
adjacent elements that are outboard of the intersection. The thick coated model is more
effective at this than the large throat model which is the rational for the higher capacity in
the thick coated model. The results of this analysis suggest that the throat dimension is
the critical parameter as opposed to just the coating thickness.
Another way to visualize the data is to plot the capacity of the coated models
versus the throat dimension. This is shown in Figure 10.11. In the figure, only the
results from the models shown in Table 10.1 and Table 10.2 are included.
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Figure 10.11 Capacity Versus Throat Length for the Coated T Specimens

The results show a nearly linear increase in capacity from the 1.6 mm throat
length to the 5.9 mm throat length. The thin coated model has a throat dimension of 1.1
mm and is the only model to show failure due to polyurea ultimate strain. This is why
the linear portion of the curve in Figure 10.11 does not include the thin coated results.
The data presented in the figure above could be used to determine the amount of coating
needed to achieve a particular capacity.
Additionally, the results of studying the throat length suggest that targeting the
intersection during spraying is the most efficient way to apply the polyurea. During the
coating process, the sprayer was held approximately 1 m from the specimens and this
resulted in a large coated area due to the fan of the spray. This is depicted in the left side
of Figure 10.12. On the right side, the targeted spray method is depicted where the
critical area to coat is within ~12 mm of the intersection based on the results of the FEM.
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Figure 10.12 Coating Technique Used During Research (Left) and Targeted Spraying Indicated by
FEM Results (Right)

After determining where to spray the polyurea, the mechanical properties of the
polyurea were varied in order to help guide future research into the best polyurea
formulation for coating wood joints. Several variations of the polyurea modulus, yield
strength and elongation at failure were studied using the nominally coated finite element
model as the basis. A description of the variations is included in Table 10.4
.
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Table 10.4 Variations of the Mechanical Properties of 8817 Polyurea

Model

Elastic Modulus
[MPa]

Yield Strength
[MPa]

Strain at
Failure

Nominal

106

13.8

0.92

Increased
Modulus

138

13.8

0.89

Decreased
Modulus

74.3

13.8

0.98

Decreased
Modulus with
High Elongation

74.3

13.8

4.98

Increased Yield
Strength

106

17.9

0.96

Decreased Yield
Strength

106

9.7

0.88

Decreased Yield
Strength with
High Elongation

106

9.7

4.88

The modified modulus and yield strength were selected and then the strain at
yield was determined by Hooke’s Law. In all of the variations, either the modulus or
yield strength remained the same as the nominal model resulting in a different amount of
strain at yield between the modified model and the nominal model. This difference in
strain at the yield was used to shift the entire stress-strain curve resulting in a shift of the
strain at failure on the order of 4%. The high elongation polyurea was created by
stretching the center portion of the stress-strain curve. The stress-strain curves for all of
the variations are shown in Figure 10.13a and Figure 10.13b.
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Figure 10.13 Stress-Strain Plots for Polyurea Variations (a) and Zoomed Plot (b)

The variations to the polyurea mechanical properties were included in the FEM
and analyzed. The results of the analysis are presented in Table 10.5 below with the
nominally coated results repeated for comparison. The results show that the capacity of
the joint is relatively insensitive to changes in the polyurea properties and that the 8817
polyurea performs well compared to the variations. Comparing the peak capacity
between all the variations shows a range of approximately +/- 10% from the nominally
coated specimens.

207

Table 10.5 Results of Polyurea Properties Variation Study

Model
Nominal

Failure
Mode
Wood

Displacement
[mm]
0.54

Applied
Load
[N]
6180

Nail
Force
[N]
1194

Wood
Stress
[kPa]
3387

Wood
Stress
[kPa]
2630

Polyurea
Strain
0.78

Increased
Modulus

Wood

0.46

6023

983

3418

2629

0.63

Decreased
Modulus

Polyurea

0.57

5554

1325

2885

2274

0.89

Decreased
Modulus
with High
Elongation

Wood

0.69

6533

1607

3350

2626

1.08

Wood

0.51

6040

1113

3354

2627

0.72

Polyurea

0.56

5599

1308

2917

2218

0.88

0.86

6546

2133

2981

2257

1.53

2.30

6002

1102

3374

2546

4.87

Increased
Yield
Strength
Decreased
Yield
Strength

Decreased
Yield
Nail
Strength
with High
Secondary
Elongation
Failure:
Polyurea

Referring back to Table 10.4, the 10% variance in the FEM results was due to
changes in the polyurea modulus or yield strength on the order of 30%. Most of the
variations showed a lower capacity than the nominal. The lower capacity was due either
to the failure mode switching from wood failure to the polyurea or from less load sharing
between the nail and the polyurea. The lower load sharing refers to the case when more
force is carried in the polyurea and less in the nail which stresses the polyurea and the
wood more heavily.
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Only two variations showed an increase over the nominal and in both instances a
coating with higher elongation was used. In the first case, decreasing the polyurea
modulus coupled with a higher elongation resulted in a peak capacity of 6533 N. In this
instance, lowering the modulus of the polyurea shifted load from the coating to the nail
allowing the joint to withstand higher loads. Ultimate failure eventually occurred in the
wood.
The second variant to show increased capacity used a coating with a lower yield
strength and higher elongation. Here, the peak capacity occurred just before the nail
exceeded its maximum force of 2136 N as shown in Figure 10.3.
In all of the variations except for the lower yield with high elongation, the failure
occurred in the wood or the coating in which the only resistance to continued loading
would be due to the sliding friction at the nail. In the case of decreased yield with high
elongation, the joint is able to withstand a higher load than the sliding friction until the
polyurea fails as shown in the table (secondary failure).
The ability to withstand higher loads after peak capacity could be important in a
high wind event in which a short duration wind gust loads the joint beyond the peak
capacity followed by a lower steady state wind. The ability of the joint to still have the
capacity to withstand high loads could save the structure from catastrophic failure.
One inherent assumption in these results is that the changes made to the polyurea
to simulate different formulations do not alter the bonding characteristics. During the
Phase I structural tests, both the 8817 (white) and the 1137 (black) polyurea were used.
The results of the hanging weight tests described in Chapter 3 indicated that the black
polyurea has a lower modulus than the white, and the manufacturer specified that the
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black also has a higher elongation. The results of the Phase I showed the joints coated
with 1137 withstood only about half the load as the joints coated with the 8817.
It was found that the joints coated with the 1137 polyurea failed with only a thin
layer of wood pulled away from the horizontal member as opposed to the 8817 coated
joints where wood failure occurred deep within the horizontal member. As stated
previously, it is possible that a polyurea formulation with a longer gel time and lower
viscosity than the 8817 may result in deeper penetration into the wood which may yield
an increased capacity. It is left to future researchers to study the bonding characteristics
of different polyurea formulations and to use the results of Table 10.5 to determine
which formulation will result in the strongest joint.
To assess the sensitivity to the nail properties, a variety of models were created
with varying stiffness and peak force. Table 10.6 summarizes all of the different
permutations with the nominal values shown for reference

Table 10.6 Summary of Nail Variations for Parametric Study

Model
Nominal
Decreased Peak Force

Linear Stiffness
[N/mm]
3380
3380

Increased Stiffness

6760

2136

1102

Increased Stiffness with
Decreased Peak Force

6760

1740

1102

Decreased Stiffness

1690

2136

1102
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Peak
Force [N] Slip Force [N]
2136
1102
1110
556

In general, the stiffness was modified higher or lower by a factor of 2 and the
peak load was increased or decreased by 20%. The exception was the model with a
decreased peak force. Decreasing the peak force by 20% did not result in a change to the
failure mode or peak capacity compared to the nominal model since the nail force
remained below the modified limit value of 1740 N (80% of 2136 N). In this case, the
peak capacity was unchanged from the nominal model since the nail force at wood failure
in the nominal model was 1194 N (see Table 10.1).
Based on this, it was decided to lower the nail limit force to 1110 N in order to
achieve nail failure before wood failure. Only four variations appear in Table 10.6
because these were the only combinations that produced a unique failure scenario
considering the mode and peak capacity. For example, decreasing the stiffness of the nail
in the linear region resulted in a wood failure when the nail force was only 633 N. A
model with a decreased stiffness and an increased peak force would not yield a different
solution since the failure occurs at such a low nail force. Similarly, decreasing the
stiffness and lowering the peak force by only 20% (1740 N) would also yield the same
result.
The results for the parametric study of the nail model are shown in Table 10.7. In
addition to the models described above, a model with the nail removed was also included.
This model shows the lower bound of the joint capacity for the nominally coated joint to
be 4954 N. In practice, this value, with appropriate factors of safety, would most likely
be used in design since the capacity of nail in the end grain is assumed to be zero [64].
The results reveal that for the nominally coated model, the load at failure in the coating is
approximately 5000 N if the failure occurs in the nail or in the wood. This is first seen in
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the no nail model and also in the other models by subtracting the nail force from the
applied load. Similarly, subtracting the nail force from the peak forces for the purpose of
defining a design load could be applied to the capacity vs. throat length plot in Figure
10.11.
Since the majority of the total capacity is the result of the coating, then large
changes in the nail force have a small percent difference on the total joint capacity. For
example, increasing the stiffness of the nail by 100% (Increased stiffness model) above
the nominal does increase the capacity of the joint by nearly 900 N, but this equates to
only a 15% increase in the overall capacity since the load in the coating is approximately
5000 N at failure. Comparing the model without the nail to the increased stiffness model
shows only a 40% increase, a relatively small change considering the comparison is
based on the largest range of nail force (0 N to 2050 N) in Table 10.7.

Table 10.7 Results of Parametric Study for Nail Properties

Failure
Mode
Wood

Displacement
[mm]
0.54

Applied
Load
[N]
6180

Nail
Force
[N]
1194

Wood
Stress
[kPa]
3387

Wood
Stress
[kPa]
2630

Polyurea
Strain
0.78

Wood

0.55

7010

2050

3369

2613

0.77

Wood

0.53

6066

1102

3373

2620

0.78

Decreased
Stiffness

Wood

0.52

5597

633

3374

2622

0.78

Decreased
Peak Force
No Nail

Nail
Wood

0.52
0.51

5532
4954

556
-

3383
3368

2629
2620

0.78
0.77

Model
Nominal
Increased
Stiffness
Increased
Stiffness
with
Decreased
Peak Force
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CHAPTER 11

CONCLUSION AND FUTURE RESEARCH

This chapter brings the dissertation to a conclusion and includes suggestions for
future research.

11.1

Conclusions

An introduction to the building code in the applicable areas to this research was
presented. Field observations following major weather events highlighted the fact the
homes built per code perform well in these events. Unfortunately, not all homes are built
to withstand high wind events either because the code is not required based on location or
because the code was not followed. An IBHS state of the art facility was described along
with the Institute’s FORTIED program.
An introduction to polyurea including a brief history was presented. This
included some of uses of polyurea as well as material properties for several different
commercially available types. Material testing of the polyurea formulation used in the
current research was described. This testing was performed to determine material
properties that were needed for finite element modeling. In addition, a step by step guide
to the spraying method was included.
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Feasibility tests (Phase I) were performed on traditional and non-traditional
building in order to determine if polyurea could be used to increase the flexural
performance of the materials. The materials tested included two types of honeycomb
composite panels and two reinforced cementitious panels. Specimens were prepared and
tested in four point bending to assess the bending strength of the materials in both
uncoated and polyurea coated configurations.
Results of the Phase I flexural tests were used to direct additional (Phase II)
flexural testing for polyurea coated building materials. The specimen preparation along
with material properties of the building materials was described. The composite panels
included in the tests were honeycomb, plywood, and carbon fiber reinforced concrete.
The results of the Phase II flexural testing program were presented along with a
discussion of the results for each material.
The results of the both series of four point bending tests showed that polyurea can
be used to strengthen materials when the failure of the composite does not occur in
internal bond lines. Both the honeycomb panels failed when the adhesive layer between
the core and the face sheet failed in shear.

Both the plywood and the reinforced

cementitious panels were strengthened when a polyurea coating was applied to the
plywood or the cementitious plates.
In the case of the plywood, the capacity of the plates was increased when a 0.76
mm thick coating was applied to either the bottom tension surface or the along the edge.
When coated on the tension surface, including full encapsulation, the panels were able to
withstand nearly 70% higher moments than the uncoated plates. Coating the edge was
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not as effective as the tension surface, but the capacity of the plates was still increased by
approximately 25% compared to the uncoated.
Initially, the results of the cementitious panels did not provide a clear answer to
whether or not a polyurea coating could be used to increase the capacity. This was due to
a comparison based only on the maximum moment during testing. Inspection of the
specimens revealed a large variability in the thickness of the cementitious panels. This
led to the calculation of a pseudo-stress by normalizing the moments by the square of the
thickness. Once normalized it was evident that the capacity of the edge coated and
encapsulated specimens was increased by approximately 35% when compared to the
uncoated.
Comparison of the elastic modulus of the polyurea to either the plywood or the
carbon fiber reinforcement suggested a low stress transfer from the base material to the
coating. Based on this, the reason for the increased capacity when coated is unclear. It is
postulated that the coating was acting to increase the fracture toughness of the material by
preventing inherent cracks from propagating. This theory is left for future researchers to
explore.
One additional finding of both the plywood and cementitious panels was left
unexplained. That is, when coated on the upper compressive surface, both materials
failed at a lower moment, or normalized moment, than the uncoated specimens. This
observation is similar to research conducted at the University of California at San Diego.
Researchers there performed tests on polyurea coated steel plates subjected to impulsive
pressure-pulse loading. Their results showed that plates reinforced with polyurea on the
opposite side of the pressure loading performed better than the uncoated plates. On the
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contrary, they found that applying the coating to the loaded surface actually had a
detrimental effect. In the instance of the four point bending tests, this is an area of future
research that could be significant if these findings are first validated and then explained.
Finite element models were developed for the four point bending tests to
determine if the coating would be expected to enhance the panels. The development of
models was thoroughly documented. Baseline uncoated models were created based on
published material data and then tuned using the test results. Once tuned, the coated
models were created and results of the finite element analysis were compared to the
coated test results. A parametric study was conducted to investigate the impacts of
variations of the model parameters. The results of the finite element models confirm the
observations made during the testing. That is, that the coating, based on conventional
modeling practices, would not be expected to increase the capacity of the plates. This
result supports the theory that the polyurea coating is acting to prevent crack propagation.
During the Phase I structural testing program, a roof rafter-to-top plate joint was
tested to determine if a polyurea coating could be used to strengthen the joint against
uplift forces. Joints were fabricated to include a partial rafter, top plate, and wall stud. A
series of tests were conducted on uncoated specimens with and without hurricane ties and
coated specimens with and without hurricane ties. The results of these tests were used to
direct Phase II testing. One of the most important findings was that a much better bond
between the polyurea and the wood was obtained with the 8817 (white) polyurea than the
1137 (black). Based on this, only the 8817 was used during the Phase II tests.
The Phase II structural testing methodology was described including the specimen
preparation and testing methodology. The results from the Phase I structural test led to a
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simpler test configuration that aided in fabrication and modeling. It was found that all
but one of the rafter specimens without hurricane straps failed when the 2x4 representing
the wall stud pulled away from the top plate, leading to the simpler joint. The testing
methodology and the results of the simpler T specimens were described followed by a
discussion of the test results.
Although not as significant as the rafter testing, the results of the simpler T
specimen still showed that applying a polyurea coating could be used to strengthen the
joint. It was determined that the coating on the T specimens was not as thick as the rafter
specimens and that the coating on the T specimens was not applied as consistently along
the joint as the coating on the rafter specimens was. Coating consistently to a desired
thickness was one of the most, if not the most, challenging aspects of conducting the
tests. The thickness of the coating applied to the rafter specimens was approximately 2.5
mm compared to the targeted thickness of 0.76 mm in the T specimens. The results of
the rafter test indicted that the 2.5 mm coating would increase the capacity of the joint by
nearly a factor of 4. This finding could be used to positively and significantly impact the
building industry.
In addition to the testing methodology and results, the development of the finite
element model for the T specimens was discussed. Similar to the FEM creation for the
plate configurations, an uncoated baseline model was created using published material
properties. The baseline model was then tuned using the testing results. A parametric
study was conducted using the tuned models. The results of the study provided several
important findings:
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1) The throat dimension was found to be the critical parameter for determining
the capacity of the joint. A figure was included that showed the near linear
relation between the capacity and the throat length. Additionally, this finding
indicates that targeted spraying of the wood interface within approximately 12
mm is the most beneficial.
2) The capacity of the joint is relatively insensitive to the polyurea properties.
The properties of the 8817 polyurea were varied by 30% which resulted in
only a 10% change to the capacity of the joint. This finding assumes that any
polyurea formulations that match the modified properties have equivalent
bonding characteristics to the 8817.
3) Large variations in the withdrawal force and the stiffness of an end nailed
joint are expected due to such variables as grain structure, moisture content,
nail coating, etc. Because of this, the parameters of the nail model were
studied and it was found that large variations resulted in small percent changes
to the capacity. The results show that the coating is responsible for the
majority of the capacity and so large changes in the nail force at failure result
in small percent changes in the overall capacity.
4) The results from a nominally coated model with no nail show the lower bound
on a coated joint to be approximately 5000 N. Consistent with the first
finding above, the throat dimension for the nominal model was 1.6 mm.
Lower bounds for other throat dimensions can be calculated by subtracting the
nail force from the capacity at failure.
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In conclusion, this work represents a unique approach to the strengthening of both
traditional and non-traditional building materials. From the testing conducted, it has been
shown that polyurea has the ability to increase the structural performance of materials
used in the building trade. Finite element analysis was performed to study the impacts of
variations to the relative material properties of the substrate and the coating. These
models can help direct future researchers, architects, and builders in determining the
appropriate polyurea formulation as well as how to apply the coating.

11.2

Future Work

As stated in Chapter 3, there was a difference between the modulus calculated
during the hanging weight test and the modulus calculated during the pull test in the
Satec machine. To date, most of the published data regarding the mechanical properties
of polyurea has been determined through high strain rate testing. Future research is
needed in the quasi-static mechanical testing of polyurea including the formulations used
within this research. Due to the high elongation at failure, noncontact methods for
measuring the strain, like an optical extensometer, would provide the most accurate
results.
The potential of polyurea to enhance the structural performance of building
materials has been shown. It is not known whether or not the coating could also provide
benefits in the areas of thermal insulation, sound suppression, and/or fire retardation.
Additional research into these areas may fuel the use of polyurea in the building industry
if it can be shown that field applied polyurea coatings can provide multiple benefits to the
homeowner.
219

An increase in the strength of both the plywood and cementitious plates was
obtained with the application of polyurea along the edge (both materials) or to the tension
surface (plywood). A theory was presented that the coating is acting as a crack arrestor
that is increasing the fracture toughness of the material. Future research is needed to
fully understand the mechanism in which the plates are strengthened by the polyurea
coating. Furthermore, other polyurea formulations should be investigated to determine
which formulation increases the strength of a given base material the most. In contrast to
the strength increases, both the plywood and cementitious panels failed prematurely
compared to the uncoated specimens when polyurea was applied to the compressive
surface. It is not apparent why this occurs and additional research is needed to both
verify and understand why coating the compressive surface led to a reduction in the
capacity.
Since the cementitious panels were strengthened by the application of polyurea
along the exposed edge, it was speculated that the polyurea used to bond the carbon fiber
reinforcement may also provide strengthening as well. It would be enlightening to test
and compare results of reinforced cementitious panels where the fiber was bonded with
traditional epoxy in one panel and polyurea in another.
In addition to the panel testing, polyurea was shown to increase the capacity of
2x4 joints as both a coating and as wood glue. It was noted that the 8817 (white)
polyurea had a gel time of approximately 30 sec. This fast gel time may actually result in
a weaker bond with the wood than a formulation with a longer gel time. Testing of
polyurea formulations with similar mechanical properties and longer gel times may show
further increases to the capacity of the joints.
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All of the tests conducted during this research were performed in the laboratory.
In order to move from the lab to the field, the long term performance of the coating and
the polyurea reinforced materials needs to be studied. Because wood was a major
component of this research, the water proofing ability of polyurea may prevent loss of
performance over time when compared to uncoated wood. Additionally, it was stated
that obtaining a consistent coating at a desired thickness was one of the most challenging
aspects of the testing. Investigations into coating methods are needed to ensure that the
proper coating is applied.
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APPENDIX A

FIXTURE DRAWINGS FOR T SPECIMEN TESTING

A test fixture was designed in order to test the T specimens. The drawings used
to procure the fixture are shown below in Figure A.1 and Figure A.2.

Figure A.1 Angle Bracket for T Specimen Testing
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Figure A.2 Grip Plate
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APPENDIX B

POLYUREA COATING METHODOLOGY

Depending on how long the polyurea has been stored prior to spraying, some
sedimentation of any pigment in the A or B side should be expected. If possible, 24
hours before spraying, adjust the stored position such that the canisters will be in the
opposite orientation of the previous stored position. For example, if stored in the upright
position previously, then store the canisters upside down for the 24 hours before
spraying. Then just prior to using the polyurea, gently shake the canisters to properly
mix the pigment.
Referring to Figure B.1, the setup for spraying consists of connecting the
compressed air, adjusting the sprayer to the appropriate settings, attaching the static
mixer, and donning the proper safety equipment. First, between the sprayer and the
compressed air supply, an air filter and regulator are connected. The air regulator was
used to ensure that the pressure supplied to the sprayer was at 690 kPa. An air control
valve on the actual sprayer is used to fine tune the pressure to the desired spraying
pressure. Before connecting the air supply to the sprayer, the 90° valve and the air
control valve should both be in the closed position to ensure that damage to the pressure
gage is prevented (Figure B.1). Once the spray gun is pressurized, the piston travel speed
is adjusted. The speed of the piston travel controls the flow rate of the polyurea through
the static mixer and onto the specimen. The piston travel speed is controlled by the knob
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on the bottom of the sprayer. The proper speed is such that the piston moves in a slow
stuttering manner, which can be described as the piston moving forward, stopping while
the pressure builds, and then moving forward again. As far as the knob setting, this
motion is obtained when the valve is nearly shut off.

Figure B.1 Voyager Spray System Components

Next, the final spray pressure is adjusted via the 90° valve and air control valve.
The 90° valve is opened first and then the air control valve is adjusted until the desired
pressure is obtained. The spray pressure is dependent on the polyurea formulation. Table
3.2 shows that the spray pressure for the white and black polyurea is 413 kPa and 103
kPa respectively. Once the proper pressure is obtained, the 90° valve should be closed
until noted below.
At this point, the sprayer is set and the proper protection for the skin and clothes
should be put on. Overalls with sewn in foot protection provide excellent protection for
the clothes and a majority of the exposed skin. Polyurea sprayed onto clothes or shoes is
difficult, if not impossible, to remove. In addition, gloves should be used when handling
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and spraying polyurea. The last, and most important, piece of safety equipment is the
respirator with face shield, although it is not needed until actually spraying the polyurea.
The respirator used was the North® by Honeywell 5400 full face respirator with N7500-1
organic vapor respirator cartridges. To ensure other personnel safety, the polyurea should
be sprayed in a room with an exhaust system such that any vapor will be exhausted
outside of the building envelope. The amount of time until the room is safe without a
respirator depends on the rating of the fan (cubic meter per minute) and the volume of the
room.
Once the proper safety measures are taken, the static mixer can be connected to
the canisters and the canisters placed into the spray gun. In order to prevent a spill, the
canisters should be placed into the sprayer in the vertical direction and the air line from
the sprayer to the nozzle should be connected. While still in the vertical direction, the
trigger of the sprayer is pressed, sending the A and B side contents through the static
mixer at a slow rate. Once the polyurea is near the tip, quickly point the sprayer into an
empty bucket. Once the polyurea is flowing into the bucket, the 90° valve is opened to
atomize the polyurea. The polyurea can now be applied to the specimens.
The purpose of the Phase I flexural and structural tests was to determine if a
coating of polyurea could be used for strengthening. To that end, specimens for use in
both the Phase I flexural and Phase I structural tests were heavily coated without regard
to consistency in thickness. Moving forward to the Phase II testing, one of the goals was
to determine the optimal thickness of polyurea.
Applying the polyurea to the specimens with a consistent thickness proved to be
an issue that was not completely resolved. In order to help determine the applied
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thickness, a wet film thickness gage was used to make measurements at points away from
the critical locations. The quick gel time of the polyurea (30 -45 sec) made it difficult to
make measurements when coating a large number of specimens. It was found that at a
consistent stand-off distance and with a constant piston speed and spraying pressure, the
polyurea began to show ripples when it reached a thickness of approximately 0.76 mm.
Therefore, the specimens were sprayed in a back in forth motion until ripples formed.
For specimens that required more or less polyurea, then either a thinner coat was applied
and the wet film gage was used to measure, or a second coat was applied until ripples
formed a second time, which would result in a coating thickness of approximately 1.52
mm.
In the case of depositing a second coat, Creative Materials stated that coating after
the first layer was dry, 30-60 min, and before 6 hours had elapsed, would result in a
coating that was equal in strength to one that was applied all at once. After completing
the spraying, the nozzle was pointed into the waste bucket and the 90° valve was closed.
Next, the piston speed was increased and the travel direction reversed, freeing the
canisters to be removed. In the case of partial canister spraying, the operator must act
quickly to save the remaining polyurea. Cross contamination between the A and B side is
likely and the use of pipe cleaners can aid in removing the contamination. Before placing
the canisters into the sprayer the first time, a set of two pipe cleaners that are twisted
together should be prepared for both the A and B sides. After removing the canisters
after spraying, one set of pipe cleaners should be inserted into both the A and B side and
twisted inside the canisters to collect the contamination. The pipe cleaners should be left
in the polyurea to allow the cured polyurea to bond to the pipe cleaners. After curing, the
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pipe cleaners are removed, which will pull out the cured polyurea from the A and/or B
sides. The operator can now leave the spray room to allow the specimens to cure and for
the room to clear.
After drying for 30-60 min, the specimens were moved out of the spray area to
fully cure. Although the polyurea was dry to the touch after 30-60 min, it is still possible
to bond to a resting surface given enough time. Polyurea will weakly bond to
polypropylene and polyethylene plastic and these were used to support the specimens as
they cured.
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